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In recent years, the use of fibres with cement-treatment has been widely
explored for ground stabilisation purposes. This is because fibre rein-
forcement provides an economical and effective way of imparting ductility
to the brittle cement-treated clay matrix. The interlocking and crack-
bridging mechanisms contributed by the fibre reinforcement, coupled with
the strength of the cementitious bonds, produce a strong and ductile mate-
rial which has the potential of being used as underground support system
during large-sized underground excavation. To date, while the benefits of
fibre-reinforcement in cement-treated soils have been well reported in liter-
ature, laboratory investigations have been generally limited to unconfined
compression tests, direct shear tests and tensile split tests, with only few
studies on triaxial tests which are more representative of stress conditions
in the field. The current research is largely experimental and explores the
constitutive behaviour of cement-treated Singapore marine clay reinforced
with short polypropylene fibres.
First of all, a preliminary size effect study was conducted to verify
the influence of fibres on the size of the test specimens. If the size of
the specimen is too small, the reinforcing mechanism due to the fibres
might not be fully mobilised. On the other hand, a too big specimen size
might not be economical to prepare. The term ‘size ratio’, which is the
specimen-diameter-to-fibre-length ratio was introduced to normalise the
specimen sizes. The experimental data revealed that the peak strength
and yield stress are not as sensitive to fibre-induced size effect compared to
the strain-to-peak and the ductility. The stiffness of the compression frame
was also found to influence the ductility of the test specimen, this effect
xv
Summary xvi
being less pronounced in the presence of confining stresses. A parametric
study on the unconfined compressive strength was also conducted and it
was decided that a volumetric fibre content of 1.85% would be adopted for
the current study since it provided a reasonable level of ductility without
significantly compromising the workability of the mixture during sample
preparation.
Very little is known about the yielding behaviour of fibre-reinforced
cement-treated clay to date. In the current study, a three-yield-point
framework was adopted and comprised of the following terminologies: ‘first
yield’, ‘mid-yield’ and ‘final yield’. For the range of investigated mix ratios,
a set of yield points were obtained by conducting drained triaxial tests,
isotropic compression tests and constant stress ratio tests on non-pre-
yielded and pre-yielded specimens. The experimental data showed that a
unique yield locus could be mapped through the data points for a given pre-
consolidation pressure. Furthermore, a theoretical yield function proposed
by Xiao et al. (2014) for unreinforced cement-treated clay provided a
good fit to the experimental yield points. The size and shape evolution
of the yield locus of fibre-reinforced cement-treated clay was found to
be dependent on the pre-compression pressure, the degradation of the
cementation bonds and the mobilisation of friction in the fibres.
The destructuration behaviour of fibre-reinforced cement-treated clay
in isotropic compression with respect to an assumed intrinsic state could
be described by a single parameter α. The latter was derived from Xiao &
Lee (2014)’s energy framework for unreinforced cement-treated clay. It was
observed that the α-parameter slowly increased towards a maximum steady-
state value which corresponds to the maximum rate of destructuration
Summary xvii
under isotropic compressive stresses. For generalised triaxial conditions,
the degradation of cohesion was correlated to the change in stress sensitivity
by adopting a power law proposed by Xiao et al. (2016). The rate of
degradation of the cohesion term with decreasing sensitivity was governed
by a parameter β. Triaxial tests, backed by SEM analysis, also suggested
that the ultimate state of fibre-reinforced cement-treated clay could be
taken as its remoulded state. It was postulated that the remoulding action
would destroy any inherent structure (cementation) within the cement-
treated clay matrix so that the fibres and the cementitious clay particles
inside the remoulded specimen would be held together by pure friction and
interlocking only.
In the last part of the study, Xiao et al. (2016)’s bounding surface
constitutive model for unreinforced cement-treated clay was modified to
include the effects of fibres on the behaviour of cement-treated clay. A
new degradation index, ξ, was added to the plastic work equation so as to
moderate the effect of the deviatoric stresses on the loss of structure. An
empirical function was also proposed to describe the mobilisation of the
friction coefficient M with increasing plastic shear strain. The proposed
model consisted of 13 parameters and was validated against experimental
data from three mix ratios. It was observed that the model could reproduce
reasonably well the monotonic loading of fibre-reinforced cement-treated
clay in isotropic compression as well as drained triaxial tests.
Keywords: Fibres, fibre-reinforcement, polypropylene, cement-treated
clay, destructuration, ultimate state, yielding, constitutive behaviour.
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As metropolises all over the world become more densely populated, the issues of
overcrowding and land scarcity have become more pressing. Together with the need
to sustain economic growth by constantly expanding their infrastructures as well as
maintaining a liveable space, megacities are looking into the development of their
fourth dimension. At the World Tunnel Congress held in Prague in 2007, Jirí Barták
et al. (2007) defined the 4th dimension of a metropolis as the underground space
underneath a city which includes structures such as tunnels used for transportation,
placement of electrical, water services, among others. Subterranean spaces may also
be used for living, working, recreational and storage purposes. For a metropolitan
island such as Singapore, which surrounded on all sides by seas, the search or creation
of usable space is a strategic sustainability issue, indeed more than energy, since space
has to be created, not bought.
Creating large underground spaces is difficult, especially in soft soil conditions
and when the cut-and-cover method is not viable. The latter is often the situation in
metropolitan areas where there are existing infrastructures above ground. Further-
more, if the ground consists of soft soils, any form of disturbance to the soil might
induce ground subsidence, which may have unacceptable consequences in such highly
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urbanized areas. In fact, when soft soils are encountered, design engineers often have
few options, one of which is ground improvement by cement stabilisation.
1.1.1 Background on cement-treated soil
The use of cement to enhance the mechanical properties of soils has been well
established and documented (e.g. Yahiro and Yoshia, 1973; Kawasaki et al., 1981;
Kauschinger et al., 1992; Gallavresi et al., 1992; Uddin et al., 1997; Kamruzzaman,
1998; Lee et al., 2005). There are two main techniques used to introduce cement in
the soil matrix, namely deep mixing (e.g. Babasaki et al., 1991; Bruce et al., 1998;
Bergado et al., 1999; Horpibulsuk et al., 2004, 2011; Chai and Carter, 2011; Sun et
al., 2012) and jet grouting (e.g. Gallavresi et al, 1992; Chia and Tan, 1993; Yong et
al, 1996; Sugawara et al., 1996; Bergado and Lorenzo, 2003; Shen et al., 2009, 2013).
Although these two methods have been used worldwide, especially in South East
Asia and North America (Fatahi et al., 2012), the design methodology for their usage
as structural support systems in deep and large subterranean constructions remains
inadequate. Cement-admixed soil is often highly brittle, with the degree of brittleness
increasing with the cement content. Figure 1.1 shows the typical stress-strain curve
of a cement-admixed soil specimen being subjected to unconfined compression test
and as it can be readily observed, the peak strength is constrained by the factor of
safety to a much lower strength. The high brittleness of the improved soil, together
with its associated variability (Liu et al., 2015) can lead to catastrophic failure. To
date, the design methodology against such brittle soils remains highly limited. In
practice, cement-treated soft clay is still regarded as a Mohr-Coulomb material. To
avoid failure, a highly conservative design strength is used. In Singapore, this has, in
recent years, led to very costly construction. For large-scale underground construction
in soft clay, such an approach will be extremely costly.
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Figure 1.1: Typical stress-strain curve for cement-admixed soil specimen under
unconfined compression test.
1.1.2 Background on fibre-reinforced cement-treated soil
Because of the reasons mentioned above, cement-admixed soil is often not usable as
primary support systems in deep and large underground constructions. If a strong and
ductile material can be developed for underground support usage during large-sized
underground excavation, it will be an important step forward. In recent years, the use
of fibres with cement-treatment is explored for ground stabilisation purposes (e.g. Tang
et al., 2007; Park, 2009; Consoli et al., 2010; Consoli et al, 2011; Nguyen & Fatahi,
2016). The primary and main function of the fibres is to increase the ductility of the
cement-admixed soil structure (Pakravan et al., 2012). To date, while the benefits
of fibre-reinforcement in cement-treated soils have been well reported in literature,
its application has been limited to bases for spread foundations so as to improve the
bearing capacity (Consoli et al., 2003, 2009). Laboratory investigations have also been
generally limited to unconfined compression tests (e.g. Kaniraj & Havanagi, 2001;
Khattak & alrashidi, 2006; Tang et al., 2007; Park, 2009; Consoli et al., 2010; Consoli
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et al., 2011; Consoli et al, 2013; Cristelo et al., 2015; Correia et al; 2016), tensile split
tests (e.g. Khattak & alrashidi, 2006; Consoli et al, 2013; Correia et al., 2015) and
direct shear tests (e.g. Tang et al, 2007). Furthermore, whereas there has been a
number of constitutive studies on unreinforced cement-treated soils (e.g. Xiao et al.,
2016; Xiao & Lee, 2014; Nguyen et al., 2014; Suesuk et al., 2011, 2010; Horpibulsuk
et al., 2010) and in particularly the one proposed by Xiao & Lee (2014) and Xiao
et al. (2016) for cement-treated Singapore marine clay, constitutive frameworks on
fibre-reinforced cement-treated soils (e.g. Nguyen & Fatahi, 2016) remain very limited
with many aspects of the behaviour of fibre-reinforcement remaining largely unknown.
These include: (i) the interaction mechanisms between fibres and the surrounding
matrix; (ii) constitutive behaviour under different stress paths; (iii) implementation
and testing in the field, which includes the development of a cost-efficient technology
for mixing and injecting such materials in the ground (Diambra et al., 2014).
Amongst the above, an important consideration in the use of fibre-reinforced cement-
admixed soil is its constitutive behaviour. A number of studies involving constitutive
frameworks are also available for fibre-reinforced soils (e.g. Gray & Ohashi, 1983;
Gray & Al-Refeai, 1986; Maher & Gray, 1990; Michalowski and Zhao, 1996; Nataraj
and McManis, 1997; Zornberg, 2002; Li, 2005; Diambra et al. 2012). However, little
remains known about the constitutive behaviour of fibre-reinforced cement-admixed
soil.
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1.2 Objectives and Organization of the Thesis
The objective of this study is to explore the constitutive behaviour of fibre-reinforced
cement-treated (FRCT) Singapore marine clay under triaxial loading.
• Chapter 1 gave an introduction about the need for both fibre-reinforcement and
cement stabilisation.
• Chapter 2 gives a review of the previous experimental and theoretical studies
carried out on cement stabilisation, fibre-reinforcement and a combination of
both. The chapter ends by pointing out the outstanding issues pertaining to
fibre-reinforced cement-admixed soil and hence, laying down the scope of this
thesis.
• Chapter 3 provides a description of the experimental methodology and set-up,
including all the cautious steps that were taken. The effect of the experimental
set-up and conditions on the test results is also explored, including a size effect
study.
• Chapter 4 presents a study on the effect of short fibres on the mechanical
properties of cement-admixed clay, focusing only on the unconfined compressive
test.
• Chapter 5 investigates the yielding behaviour of fibre-reinforced cement-admixed
clay. The shape of the initial and post-yield loci of the material is mapped out
using different yielding definitions.
• Chapter 6 explores a possible critical state for fibre-reinforced cement-admixed
clay through a series of different laboratory tests such as the drained and
undrained triaxial test.
• Chapter 7 presents the experimental results on the destructuration characteristics
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of fibre-reinforced cement-admixed clay. Isotropic loading is first considered,
followed by the influence of deviatoric stresses.
• Chapter 8 deals with the theoretical modelling portion of the study. An attempt is
made to model the stress-strain behaviour of fibre-reinforced cement-admixed clay
by modifying Xiao et al.(2016)’s framework for non-reinforced cement-admixed
clay.
• Chapter 9 summarises the important findings of the study. Recommendations
for future works are also given.
One of the important aspects highlighted in Chapters 5 to 7 is the evaluation of input
parameters for the constitutive model which is proposed in Chapter 8.
Chapter 2
Literature Review
This chapter reviews the studies, both theoretical and experimental, on fibre-
reinforced cement-treated soil and discusses their limitations. A brief review of the
literature on unreinforced cement-admixed soil and fibre-reinforced soil will be provided.
Firstly, the fundamental concepts underlying the mechanism of cement stabilisation
and fibre reinforcement will be introduced, followed by the factors which affect the
effectiveness of these methods in terms of the strength of the improved soil. Next,
the changes in soil behaviour due to fibre and cement addition are discussed based on
previous studies. Theoretical works on the constitutive modelling of fibre-reinforced
cement-treated soil are also reviewed. Finally, outstanding issues pertaining to fibre-
reinforced cement-treated soil (for e.g. yielding) and the scope of the current study
are presented.
2.1 Basic Concepts about Cement Stabilisation and
Fibre Reinforcement
2.1.1 Mechanism of cement stabilisation
Ordinary Portland Cement (OPC) is widely used as a cementitious agent in ground
improvement. Its main constituents are tricalcium silicate C3S, dicalcium silicate
7
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C2S, tricalcium aluminate C3A and tetracalcium alumina-ferrite C4AF (Lea, 1956).
The improvement in the mechanical properties of cement-treated soil is due to the
hydration reaction in the cement and the pozzolanic reaction between the cement and
soil minerals (Mitchell, 1981). This results in the production of primary and secondary
cementitious materials in the soil matrix (Cokca, 2001). The formation of these
by-products leads to the improvement in strength and stiffness of cement-admixed soil
(e.g. Kamruzzaman et al., 2009).
When Portland cement comes into contact with the pore water, hydration reaction
takes place, resulting in the formation of primary cementitious products namely hy-
drated calcium silicates CSH (C2SHx, C3S2Hx) and hydrated lime Ca(OH)2. Hydrated
calcium silicates are the major contributors to the strength of the cementitious matrix.
Concurrently, the hydrated lime leads to a rise in the alkalinity of the pore solution.
To illustrate the concept of cement stabilisation, tricalcium silicate will be used as
example since it is the main constituent of cement. Cement stabilisation is regulated
by two main chemical processes. The first one, as mentioned earlier, is the hydration
of the cement solids following Equation 2.1. The formation of calcium silicate hydrate
C3S2Hx (CSH) causes a rapid gain in strength of the soil matrix and the short-term
hardening of cement-admixed soil. Ca2+ and OH- ions are also produced by the
hydrolysis of lime, Equation 2.2.
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C3S + H2O→ C3S2Hx + Ca(OH)2 (2.1)
(primary cementitious products)
Ca(OH)2 → Ca2+ + 2(OH)− (2.2)
(hydrolysis of lime)
In clayey soils, the presence of calcium hydroxide leads to the secondary pozzolanic
reaction (Saitoh et al., 1985). Once the pore water contains sufficiently high concen-
tration of OH- ions, the alkaline environment promotes dissolution of silica SiO2 and
alumina Al2O3 from the clay, which then react with the Ca2+ ions to produce more
hydrated calcium silicates CSH and calcium aluminate hydrate CAH (Equation 2.3 and
2.4). These secondary cementitious contribute to the long-term strength development
of the cement-treated soil.
Ca2+ + 2OH− + SiO2 → CSH (2.3)
(secondary cementitious products)
Ca2+ + 2OH− + Al2O3 → CAH (2.4)
(secondary cementitious products)
The pozzolanic reaction can persist over several months during which the cement-
treated soil is expected to gain strength with time (Bergado et al., 1996). It should
also be noted that the other constituents of OPC such as C2S and C3A also contribute
to the production of CSH through both hydration and pozzolanic reactions.
Kamruzzaman et al. (2009) conducted X-Ray diffraction (XRD) analysis on Singapore
marine clay and cement-treated clay (shown in Figure 2.1). The XRD patterns of
the cement-treated clay as compared to untreated marine clay show new peaks which
indicated the presence of new crystalline materials in the matrix.
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Figure 2.1: X-ray diffraction of (a) untreated clay (b) cement-treated clay with 10%
cement content (c) 20% cement content (d) 30% cement content for a curing period of
28 days and powder sample <63 μm (Adapted from Kamruzzaman et al., 2009).
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2.1.2 Mechanism of mechanical stabilisation - fibre reinforce-
ment
Mechanical stabilisation methods for soil include introduction of reinforcing media
(e.g. metallic strips, geogrids, geotextiles, polymers) or elements (e.g. fibres) within
the soil matrix. While traditional methods such as bars, geotextiles, geogrids or strips
have been widely used over the years, their inclusion provide tensile resistance to
the soil in the ‘preferred’ direction only. Consequently, planes of weakness may exist
along the interface between the soil and reinforcement because of the loss in shear
strength of the soil in that interface region (Russell et al. 1998). On the other hand,
adding uniformly mixed random fibres in the soil can lead to isotropic strength increase
without introducing continuous planes of weakness (e.g. Maher and Gray, 1990; Shukla
et al., 2009). Tang et al. (2007) noted that individual fibre inclusion has no clear
effect on the microstructure of the soil. In fact, it is the clay particles which attached
to the fibres’ surface that improve the bond strength and friction between the fibre
and soil matrix (see Figure 2.2 a).
Figure 2.2: .
(a) Fibre surface in fibre-reinforced uncemented soil with a magnification of ×2000.
(b) Fibre distribution in the soil matrix. Both images were obtained from scanning
electron microscope (Tang et al., 2007).
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As Figure 2.2 (b) shows, the fibres act as a three-dimensional spatial network
which interlocks the soil grains, thereby holding the composite matrix together. In
addition, some researchers have reported that the fibre sliding resistance was very
much dependent on the surface roughness of the fibres (e.g. Shah, 1992; Frost and
Han, 1999; Tagnit-Hamou et al., 2005; Tang et al., 2007). Figure 2.3 illustrates how
the grooves and pits on the fibre surface improve the soil-fibre interaction. When
fibres are mixed with soil or during compaction, the harder particles within the mix
will embed themselves into the fibre surface, resulting in plastic deformation or even
partial removal of the surface layer (Tang et al., 2007). Consequently, when the
specimens are loaded, the fibres and the embedded soil particles provide a bridging
effect to prevent the propagation of cracks and deformation of the soil matrix. Wu &
Li (1994) mentioned that the full benefits of fibre reinforcement can only be gained
if the individual roles and characteristics of the matrix, fibres and their interface are
understood.
Figure 2.3: Sketch of mechanical behaviour at the interface between fibre and soil
matrix (Tang et al., 2007).
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2.2 Factors influencing the Strength Characteris-
tics
2.2.1 Factors influencing the strength of cement-treated soil
The strength of cement-treated soil as a form of ground improvement has been
widely studied over the years. Terashi (1997) summarised the factors that affect the
strength of such improved soils, as given in Table 2.1. Generally, the higher the cement
content of the improved soil, the higher its compressive strength and stiffness (e.g.
Uddin et al., 1997; Consoli et al., 1999; Kamruzzaman, 2002; Consoli et al., 2006; Tang
et al., 2007; Xiao et al., 2009). However, Khattak & Alrashidi (2006) mentioned that a
high ratio of cement would lead to a high heat of hydration of the cement that would
produce excessive micro-cracks due to a high shrinking strain. If the micro-cracks occur
before the material is loaded, the effect of volume change on the micro-cracks might
reduce the tensile strength, fracture toughness and long-term properties. However, the
compressive strength will not be significantly affected (Khattak & Alrashidi, 2006).
In general, the soil becomes stronger and more brittle with increasing cement
content. However, the rate of increase in strength is not proportional to the cement
content (Kawasaki et al., 1981). Instead, the unconfined compressive strength was
found to be dependent on both the soil-cement ratio and the water-cement ratio
(Lee et al., 2005). Lorenzo & Bergado (2004) reported that at high water content
(up to 160%), the unconfined compressive strength is related to the post-curing void
ratio obtained at the end of the curing stage. The post-curing void ratio is, in turn,
related to the curing time and curing stress. Rotta et al. (2003) mentioned that
the formation of cement bonds under confining stress implies that the soil will have
different void ratios at different depths due to the in-situ stresses and stress history.
On the other hand, Tatsuoka & Kobayashi (1983) noted that the amount of effective
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stress which could have accumulated prior to setting of the cement is still uncertain
since this depends upon the time required for the cement-soil paste to consolidate
versus the setting time of the cement. Kamruzzaman et al. (2009) also reported that
the unconfined compressive strength of cement-treated clay increases with curing time,
even up to a period of 1 year. This continued strength increase was attributed to the
pozzolanic reaction as more cementitious products were formed.
Table 2.1: Factors affecting the strength of cement-treated soils (Terashi, 1997).
I. Characteristics of stabilizing agent 1. Type of stabilizing agent
2. Quality
3. Mixing water and additives
II. Characteristics and conditions of soil
(especially important for clays)
1. Physical, chemical and mineralogical
properties of soil
2. Organic content
3. pH of pore water
4. Water content
III. Mixing conditions 1. Degree of mixing
2. Timing of mixing/re-mixing
3. Quantity of stabilising agent
IV. Curing conditions 1. Temperature
2. Curing time
3. Humidity
4. Wetting and drying/freezing and thaw-
ing, etc.
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2.2.2 Factors influencing the strength of fibre-reinforced soil
(without cement)
Numerous studies have been conducted to determine the influence of discrete
fibres on the behaviour of soil, focusing on the strength of the composite material.
The effectiveness of fibre-reinforced soil is heavily dependent on the deformation
characteristics of the soil matrix as well as the fibre properties which include fibre
length, fibre aspect ratio, fibre content and nature of the fibre (Dos Santos et al., 2010).
Many studies have shown that increasing the fibre content will increase the strength
of the material, up to a limiting fibre content, after which no noticeable effect is noted
(e.g. Gray & Ohashi, 1983; Gray & Al-Refeai, 1986; Maher & Ho, 1994; Santoni et al.,
2001; Tang et al., 2007; Estabragh et al., 2012). Similarly, increasing the fibre length
also seems to increase the strength of the fibre-reinforced soil (e.g. Gray & Ohashi,
1983; Santoni et al., 2001; Li & Zornberg, 2013). However, Gray & Ohashi (1983) and
Santoni et al. (2001) noted that the gain in strength moderates asymptotically after a
threshold fibre length. Li & Zornberg (2013) also reported that the strength increase
as a result of fibre reinforcement is proportional to the product of the fibre content
χ and fibre aspect ratio η, the latter being defined as the ratio of the fibre length to
fibre diameter. In other words, composite specimens with the same (χ.η) undergo the
same strength increase.
Factors such as fibre distribution and their orientation to the failure plane within
the soil matrix have also been studied. Li (2005) noted that due to the influence of
fibre self-weight, fibres are more likely to be oriented horizontally than other directions.
Michalowski & Cermak (2002) compared the strength of specimens with fibres inten-
tionally placed in two different directions (horizontal and vertical) in a triaxial test.
They found that specimens with horizontal fibres have a higher strength. Li (2005) also
conducted triaxial extension tests on similar specimens and reported that the strength
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of specimens with horizontally oriented fibres were consistently below that of the
unreinforced soil. On the other hand, the specimens with vertically oriented fibre con-
sistently had a higher strength than the unreinforced soil. Michalowski & Zhao (1996),
Zornberg (2002) and Li (2005) attributed the reason to some fibres being in compres-
sion, and thus not contributing to the increase in shear. Park (2009) stated that while
most of the experimental research carried out on fibre-reinforced soils assumed that
the fibres were uniformly mixed throughout the specimen, this might not reflect the
actual distribution of the fibres. In practice, localised fibre concentration or fibre mix-
ing difficulties could be significant, resulting in failure to reach the anticipated strength.
2.3 Experimental Studies on Fibre-Reinforced Cement-
Treated Soil
2.3.1 Microstructural investigations
The behaviour of fibre-reinforced cement-treated soil is more complicated, especially
at microscopic level. As seen in Figure 2.4, Tang et al. (2007) observed that the fibre
surface is attached to more cement hydration products than clay grains. Since the
by-products of cement have a higher strength than clay particles, the strength at the
interface of fibre-reinforced cemented soil is correspondingly much higher than that of
soil reinforced with fibres only. The higher stiffness of the attached hydration products
further reinforces the fibres, akin to plant roots dispersing the stresses into space and
minimising crack propagation. Tang et al. (2007) also noted that the micro-mechanical
behaviour of the fibre/matrix interface depends on the binding material in the soil, the
normal stress around the fibre body, effective contact area and surface roughness. Con-
soli et al. (2009) noted that fibre reinforcement effectiveness reduces with increasing
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cement content. This is explained by the amount of tensile or pull-out strength that
can be mobilised by the fibres. It is quite likely that the mobilised tensile strength
of the reinforcing elements depends partially on the magnitude of the deformation
of the soil matrix around them. One may surmise that since higher cement contents
result in a stiffer cementitious matrix, the peak strength may be reached at relatively
low deformations which may be insufficient to mobilise the tensile resistance of the
fibres. Cristelo et al. (2015) and Correia et al. (2015) also reported that the stiffness
of the cementitious matrix appears to govern the influence of the fibres on the overall
constitutive response of the improved soil, especially for soils with high cement content.
Figure 2.4: SEM images (a) fibre surface in cemented soil with a magnification of
×2000; (b) local magnification of hydrated products (Tang et al., 2007).
Pakravan et al. (2012a, 2012b) reported that the performance of fibre-reinforced
composites is strongly dependent on the debonding behaviour of the fibres and that a
good interfacial adhesion helps in efficient stress transfer across the interface. How-
ever, the chemical reactions between the cement hydration products and fibres had
a minor effect on the fibre-cement bonding strength. Instead, the bond is influenced
primarily by visco-elastic or plastic energy dissipation due to mechanical contacts
at the interface as well as the stiffness and elongation of the fibres. Pakravan et al.
(2012b) also observed that the amount of energy dissipated during pull-out increased
with curing time of the cementitious matrix. This was due to the improvement in me-
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chanical bonding with curing time, which was caused by the densification of the matrix.
2.3.2 Factors on strength of fibre-reinforced cement-treated
soil
Several studies also reported an increase in the strength of cement-treated soil with
an increase in fibre content (e.g. Kaniraj & Havanagi, 2001; Khattak & Alrashidi, 2006;
Tang et al., 2007; Park, 2009, 2010; Consoli et al., 2011; Xiao et al., 2013; Cristelo
et al., 2015). Consoli et al. (1999), Tang et al. (2007) and Xiao et al. (2013) also
observed that the increment in peak strength moderates with increasing fibre content
and could become negative beyond a particular fibre content. Correia et al. (2015)
also reported that the mechanical properties of cement-treated soils do not change
proportionally to the fibre content.
Chen et al. (2015) studied the development of unconfined compressive strength
of fibre-reinforced cement-treated clay specimens up to a curing time of 28 days and
reported that fibres contributed positively to the early strength development compared
to specimens without fibres. They further mentioned that a fibre content of greater
than 0.5% interfered with the strength gain due to uneven fibre distribution in the test
specimen. According to Chen et al. (2015), a fibre content which is too high might lead
to clumping of the fibres in some parts of the specimen so that the interface friction
mechanism between the cementitious particles and the fibres is impaired. Similarly,
Khattak & Alrashidi (2006) postulated the existence of an optimum fibre percentage
for soil-cement mixtures and mentioned that this value needs to be identified for a
better performance. The results of Correia et al. (2015) further implies that the
optimum behaviour of fibre-reinforced cement-treated soils might be dependent on
the relative amount of binder and fibres in the material. Park (2010) commented
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that the increase in strength due to an increase in fibre content in fibre-reinforced
cemented specimens is analogous to the increase in the confining stress in non-fibre
reinforced cemented sand; both factors tend to reduce the horizontal deformation of
the samples. On the other hand, Gaspard et al. (2003) indicated that fibres do not
have a significant effect on the peak strength of the cement-treated soil. Sohan et al.
(1999) also reported similar observations.
The degree of fibre dispersion is another factor that controls the effectiveness of
a fibre-reinforced cement-based material. Chung (2005) noted that a high degree of
fibre distribution throughout the matrix is imperative when the fibre content is low.
In fact, the uncertainties associated with fibre distribution and concentration need
to be adequately considered to ensure that the required strength is achieved (Park,
2009). Between the three different cases of fibre distribution shown in Figure 2.5, the
strength of Case 3 is 50% higher than that of Case 1.
Figure 2.5: Fibre distribution in unconfined compression test specimens. The total
fibre content for each case is 1% by weight of dry soil (Park, 2009).
Increasing the cement content has also been known to improve the peak strength
of fibre-reinforced cement-treated soil (e.g. Kaniraj & Havanagi, 2001; Tang et al.,
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2007; Consoli et al., 2009, 2010, 2011; Fatahi et al., 2012 ; Estabragh et al., 2012 ;
Xiao et al., 2013; Chen et al., 2015; Correia et al., 2015). In most of the studies, the
cement content was below 20% by weight of dry soil. On the other hand, Correia et
al. (2015) studied cement contents of up to 71.5%. Peled et al. (2008) noted that a
lower water/cement ratio (or high cement content for a constant water content) would
lead to matrix densification and thus contribute to a better bonding of fibres to the
cementitious materials. Hence, there is a need to investigate much higher cement
contents if the needs of the ground improvement industry are to be addressed.
The influence of porosity on the strength of unreinforced cement-treated and
fibre-reinforced cement-treated soil has also been investigated. Clough et al. (1981)
and Consoli et al. (2006) reported that a decrease in porosity in unreinforced cement-
treated soils will have a positive effect on strength. For fibre-reinforced cement-treated
soil, Consoli et al. (2010, 2011, 2013) noted that the unconfined compressive strength
is related to porosity. This was attributed to the greater number of point of fibre-soil
contacts as porosity decreases. Consoli et al. (2013) also reported that the tensile
strength of fibre-reinforced cement-treated soil increases with decreasing porosity.
This was attributed to the greater number of inter-particle contacts enhancing the
effectiveness of cement bonds (Chang & Woods, 1992).
The degree of compaction as well as curing stress during sample preparation has also
been found to affect the porosity of the composite. Consoli et al. (2010, 2011) reported
that the increase in the rate of gain in strength of fibre-reinforced cement-admixed
sand increases with dry density for a constant water content and cement content. This
is shown in Figure 2.6 by the steeper fitted lines. At higher dry densities, there are
more contact points between the by-products of cement hydration and soil particles as
well as between the fibres and the cemented matrix. As a result, the effectiveness of
the cement and fibres is improved. Liu & Starcher (2013) also reported that the peak
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strength of fibre-reinforced cement-treated sandy clay specimens increases with curing
stresses and also with a curing time of up to 120 days.
Figure 2.6: Variation of unconfined compressive strength with cement content and
dry density for fibre-reinforced specimens (Consoli et al., 2010).
Consoli et al. (1999) and Uddin et al. (2011) investigated the influence of
confining stresses on the behaviour of fibre-reinforced cement-treated soil in triaxial
tests. Consoli et al. (1999) conducted drained tests (effective confining stresses of
20, 60 and 100 kPa) on fibre-reinforced cemented sand and observed that the peak
deviator stress increases with confining stress. The confining stresses were kept low
because they would reflect a more realistic behaviour of cemented soil layers under
pavement structures and shallow foundations. Uddin et al. (2011) also carried out
drained tests on fibre-reinforced cemented sand but at much higher confining stresses
(up to 20 MPa). Similar observations were reported but the authors also observed
that specimens sheared at effective confining pressures up to 1 MPa reached the peak
strength followed by a strain softening behaviour. Conversely, specimens sheared at
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higher effective confining stresses showed either very little strain softening (1 MPa) or
strain hardening behaviour (10 MPa and 20 MPa).
The influence of fibres on the effective friction angle and cohesion of fibre-reinforced
cement-treated soil is still not fully understood. Maher & Ho (1993), Consoli et al.
(2003, 2009), Tang et al. (2007), Uddin et al. (2011) and Fatahi et al. (2012) reported
that the cohesion and friction angle increase when fibres were added into cement-
admixed soil. Park et al. (2008) and Park (2010) also made similar observations
regarding the friction angle. Uddin et al. (2011) noted that the presence of confining
pressure also affected the friction angle; the latter reduced with increasing confining
pressure, approaching a constant value at an effective confining pressure of 20 MPa.
Uddin et al. (2011) also observed that the effect of fibre inclusion on shear strength
becomes insignificant beyond a confining pressure of 13 MPa. On the other hand,
Consoli et al. (1999) mentioned that cohesion intercept is not affected by fibre
inclusion in cement-admixed sand. On the whole, the changes in effective shear
strength parameters are still not well-quantified and explained. Consoli et al. (2010,
2011, 2013) also proposed the following empirical relationships for cement content of
1-7% by dry weight of soil and 0.5% fibres, with a curing period of 7 days:






where η is the porosity of the specimen and Civ is the volumetric cement content as a
percentage of the total volume. Consoli et al. (2011) subsequently modified Equation
2.5 into Equation 2.6 to cater for a fibre content of 0.25-0.75% by weight of the sum
of dry soil and cement.
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where F is the fibre content. In another study, Consoli et al. (2013) correlated the
unconfined compressive strength to the tensile strength using Equation 2.7. As this














)−2.90 = 0.14 (2.7)
These empirical equations apply only to cement-admixed sandy soils. No models exist
for fibre-reinforced cement-treated Singapore marine clay.
Another factor which affects the strength of fibre-reinforced composites is the
de-bonding behaviour of the fibres (Pakravan et al., 2012a, 2012b). Pakravan et al.
(2012a) conducted fibre pull-out tests on three types of fibres, that is polypropylene,
nylon and acrylic, and they related the adhesion (de-bonding) energy to the pull-out
load of fibres, fibre diameter, length of fibre embedded in the cementitious matrix and
length of the de-bonded zone. Li (2005) proposed that the failure of fibre-reinforced
composites is governed by either pull-out or yielding of the fibres, depending on the
amount of mobilised tension in each fibre element. The mobilised tension was related
to the fibre aspect ratio (fibre length/fibre diameter), adhesive and frictional properties
at the fibre-soil interface.
2.3.3 Factors on ductility of fibre-reinforced cement-treated
soil
Many studies (e.g. Consoli et al., 1998, 1999, 2009; Khattak & Alrashidi, 2006;
Tang et al., 2007; Park et al., 2008; Park, 2009, 2010; Fatahi et al., 2012; Xiao et al.,
2013, 2014; Cristelo et al., 2015; Correia et al; 2015; Nguyen & Fatahi, 2016) have
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shown that the inclusion of fibres in cement-admixed soil reduces its brittleness, giving
a more ductile behaviour. Ductility is defined as the ability of a material to sustain
inelastic deformation prior to collapse without a significant loss in resistance (Naaman
et al., 1986). Wu & Li (1994) attributed the increase in ductility to the stress-transfer
ability of bridging fibres, a mechanism associated with the multiple cracking of the
brittle cementitious matrix. When the composite is loaded, the matrix will crack
and deform, mobilising the tensile resistance of the fibres. The latter will bridge the
existing cracks and transfer the load back into the matrix. If the transferred load is
significant enough, more cracks will be formed and the process repeats itself.
Different indices have been proposed to quantify the ductility of fibre-reinforced
cement-treated soil. Maher & Ho (1993) used the brittleness index IB (Equation 2.8)





where qf and qu are the peak failure and ultimate deviatoric stresses respectively. The
scale of the brittleness index ranges from 0 (very ductile) to ∞ (very brittle) and
this constitutes one of its limitations. The absence of an upper limit renders the
brittleness index difficult to use. Another limitation is that it uses only two points
to define ductility; these two points might not be entirely representative of the ‘true’
post-peak behaviour of the specimen. Park (2010) proposed another index called the
deformability index D (Equation 2.9), which compares the strain-to-peak-strength





where ∆fibre and ∆nofibre are the axial strain at peak strength in fibre-reinforced
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cement-treated soil and unreinforced cement-admixed soil respectively. However, the
deformability index does not give any indications on the post-peak behaviour and
comparisons can only be made among specimens with the same cement and water
contents.
Fatahi et al. (2012) quantified the improvement in ductility of fibre-reinforced
cement-treated soil with respect to non-reinforced cement-admixed clay by using the
ratio of initial Young’s modulus of the sample to the Young’s modulus at failure.
The initial Young’s modulus was calculated as the slope of the initial portion of the
stress-strain curve whereas the Young’s modulus at failure is obtained by dividing
the unconfined compressive strength by the axial strain at the peak strength. This
method too does not consider the post-peak behaviour.
Consoli et al. (1998) proposed that the area under the stress-strain curve can
be used as a quantitative measure of ductility due to fibres inclusion. The area is
defined as the energy absorption capacity of the composite material. The values were
calculated up to an axial strain of 12% and when the curve did not reach 12%, the
last strain value was assumed to be the residual state (and a horizontal line was
extrapolated). Khattak & Alrashidi (2006) also proposed a similar concept, called the
Toughness index TI, to explain the post-peak behaviour. TI (as shown in Equation
2.10) refers to the stress-strain energy to reach failure of the material. An index value




where Ae = area under the stress-strain curve up to strain , Ap = area under the
stress-strain curve up to strain p, p = strain corresponding to peak stress and  =
strain at the point of interest. A typical stress-train curve for TI calculation is shown
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in Figure 2.7. However, it is important to note that the stress-strain curves in this
study were obtained from indirect tensile strength tests and the strains corresponded
to the horizontal strain. However, the quantification of ductility based solely on the
area under the stress-strain curve is not convenient because this value can increase
indefinitely.
Xiao et al. (2015) proposed a normalized version of the toughness index which
they termed as the ductility index (DI), which is defined as the ratio of the toughness







where pp is the post-peak strain at the level of interest, qp is the peak strength of the
fibre-reinforced cemented soil, p is the strain at peak strength and u = p + pp. An
illustration of their method is shown in Figure 2.8.
Figure 2.7: Typical stress-strain curve for Toughness Index calculation (Khattak &
Alrashidi, 2006).
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Figure 2.8: Illustration of Xiao et al. (2015)’s ductility index.
The advantage of the ductility index compared to the brittleness index is that it
uses the integral of stress with respect to the post-peak strain instead of the ratio of
stresses at two strain levels. This has an averaging effect which makes it less affected
by the strain at which it is measured, especially when the post-peak portion of the
stress-strain curve is erratic. The numerator in Equation (2.11) represents the work
done on the specimen during the strain-softening phase. In the case of a perfectly
plastic material which shows no softening, DI = 1. Conversely, for a perfectly brittle
material wherein the deviator strength drops to zero immediately after peak strength
is reached, DI = 0. For real materials, the ductility index will fall between 0 and
1. Aik (2013) compared the usage of the brittleness index and the ductility index
on the unconfined compression test results from fibre-reinforced cement-treated clay
and he reported that while both indexes gave a good indication of the ductility trend
when fibre content was varied, they gave inconsistent results when the fibre length
was varied.
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2.3.4 Factors influencing the stiffness of fibre-reinforced cement-
treated soil
In contrast to strength, studies on the stiffness of fibre-reinforced cement-treated
soil are relatively scarce. Consoli et al. (1998, 1999, 2003), using local Hall Effect
sensors to measure internal strain in triaxial samples, reported that the stiffness of
cement-admixed soil reduces with fibre inclusion. Fatahi et al. (2012), using external
strain measurements, also noted a similar effect when carpet or steel fibres were
mixed with cement-treated clay. The authors postulated that to the introduction of
a material which is more plastic than the cement-treated clay might be causing this
reduction in stiffness since the fibres might not engage very well with the surrounding
matrix. The same study also reported that the addition of polypropylene (PP) fibres
has the opposite effect on the initial Young’s modulus. Park (2009) showed that the
secant modulus corresponding to 50% of the strain at peak strength of fibre-reinforced
cement-admixed sand is influenced by neither fibre content nor fibre distribution.
However, it is dependent upon the cement content.
Liu & Starcher (2013) reported that the pre-peak secant shear modulus increases
with curing time during the initial curing stage but tend to stabilise with longer curing
time, thus following the same trend as the strength. Increasing the curing stress also
had a similar effect on the shear modulus, with the value becoming stable at a certain
value of curing stress. Cristelo et al. (2015) reported that the initial portions of the
stress-strain curves for cement-treated clay with and without fibre reinforcement are
very similar due to the soil-cement matrix supporting a major part of the load. They
further mentioned that the effect of fibres is noticeable nearer to the peak stress and
thereafter. The secant modulus at 50% of the peak stress was also found to increase
with fibre content, the effect being more pronounced with increasing cement content.
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2.3.5 Tensile strength of fibre-reinforced cement-treated soil
The tensile strength of fibre-reinforced cement-treated soil is generally measured
using the Brazilian indirect tensile strength test (Gaspard et al., 2003; Khattak &
Alrashidi, 2006; Fatahi et al., 2012; Consoli et al., 2013). In general, the tensile
strength of cement-admixed soil was reported to increase with fibres inclusion. As
mentioned before, Khattak & Alrashidi (2006) used the toughness index TI to quantify
the post-peak tensile behaviour up to a tensile strain value of 1%. However, Goh
(2013) suggested that the Brazilian test may not be suitable for measuring the tensile
strength of fibre-reinforced cement-treated soil due to the high ductility of the sample.
According to Carneiro & Barcellos (1953) who developed the Brazilian indirect tensile
strength test, the latter is suited to brittle materials since it relies on a specific elastic
stress distribution for its validity. Goh (2013) observed that after an initial crack (see
Figure 2.9 (a)), the sample continues to deform substantially with little or no decrease
in load, until its cross-section is no longer circular, Figure 2.9 (b). Because of this,
the calculation of the tensile stress across the diametral plane of the specimen may no
longer be valid.
Figure 2.9: (a) Appearance of the first crack during the Brazilian indirect tensile
test on a sample 50 mm in diameter and 50 mm high. (b) Deformation of the sample
as a result of its excessive compression (Goh, 2013).
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2.3.6 Stress-strain behaviour of fibre-reinforced cement-treated
soil
Compared to unreinforced cement-admixed soil and fibre-reinforced soil, there is a
scarcity of research on the stress-strain behaviour of fibre-reinforced cement-treated soil
under triaxial loading conditions. Consoli et al. (1998, 2009) conducted drained triaxial
tests on fibre-reinforced cement-admixed sand at low effective confining pressures of
20, 60 and 100 kPa. It was observed that fibre reinforcement increases both the peak
and residual triaxial strength of cement-treated soil. Figure 2.10 shows the deviator
stress: shear strain: volumetric strain curves for a confining pressure of 20 kPa; it was
observed that the insertion of fibres increased the initial compressive volumetric strain,
deviatoric strain-to-peak as well as the strain at maximum rate of dilation.
Consoli et al. (2009) also investigated the stress-dilatancy response by plotting
the stress ratio against dilatancy (see Figure 2.11). For fibre-reinforced cemented
sand, the behaviour is dominated by cementitious bonds up to a stress ratio of 1.2
(indicated by the smaller compression as compared to the uncemented fibre-reinforced
sand) after which dilation starts. They commented that the volume change associated
with dilation suggests that bond breakage has occurred. The behaviour eventually
degraded to that of uncemented fibre-reinforced sand with the complete breakage of
the cemented bonds.
Uddin et al. (2011) also performed drained and undrained tests on fibre-reinforced
cemented sand at confining pressures ranging from 100 kPa to 20 MPa. The peak stress
from all drained tests was used to plot the failure envelope in mean effective stress p′ -
deviator stress q plane, as shown in Figure 2.12 (a). The latter shows that, although
generally small, the differences in the failure envelopes are more significant at low
effective stresses. Furthermore, the authors also reported that the volumetric change of
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the specimen during drained shearing gradually changed from dilative to compressive,
with the rate of dilation decreasing with increasing confining pressure. Results from the
undrained tests (Figure 2.12 (b)) showed that a unique failure envelope was obtained;
the effective stress paths failed either along or slightly above the failure envelope
determined by drained tests.
Nguyen & Fatahi (2016) performed undrained tests on Ballina clay reinforced with
15% cement and 0% - 0.5% polypropylene fibres of length 18 mm. The specimens
were sheared at confining pressures - 200, 400 and 800 kPa - outside their initial yield
surface. Their test results (shown in Figure 2.13) showed that peak deviator stress of
the specimens was more dependent on the cementation than the fibre content, whose
contribution was found to decrease with increasing confining pressure. It was further
reported that the generation of excess pore water pressure was greater with a higher
fibre content, agreeing with Li (2005). A higher fibre content also corresponded to an
increased post-peak stress ductility as the load was distributed to more fibres across
the cracks.
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Figure 2.10: Deviator stress: axial strain: volumetric strain triaxial response (effec-
tive confining pressure of 20 kPa) of sand and fibre-reinforced sand: (a) 0% cement,
(b) 1% cement, (c) 4% cement (d) 7% cement (e) 10% cement by weight of dry sand
(Consoli et al., 2009).
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Figure 2.11: Stress-dilatancy response of uncemented sand, uncemented and ce-
mented fibre-reinforced sand sheared at an effective confining pressure of 100 kPa
(Consoli et al., 2009).
Figure 2.12: (a) Failure envelopes of fibre-reinforced cemented and uncemented sand
obtained from the drained tests. (b) Effective stress paths obtained from undrained
tests on fibre-reinforced cemented sand (Uddin et al., 2011).
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Figure 2.13: Undrained triaxial behaviour of 15% cement-treated Ballina clay,
improved with 0%, 0.3% and 0.5% fibre: (a) stress path (b) deviator strss-strain plot
(c) excess pore pressure-strain plot (adapted from Nguyen & Fatahi, 2016).
2.3.7 Studies on fibre-reinforced cement-admixed Singapore
marine clay
While studies on cement-treated Singapore marine clay have been quite extensive
(e.g. Chin et al., 2004; Lee et al., 2005; Chin, 2006; Kamruzzaman et al., 2009; Xiao et
al., 2009; Xiao & Lee, 2014; Xiao et al., 2016), there is relatively little work on fibre-
reinforced cement-treated clay. Xiao et al. (2013) reported unconfined compression
tests on fibre-reinforced cement-treated marine clay. Their study was conducted on
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specimens with volumetric fibre contents ranging from 0.08-0.32% and cement content
between 20-50% by dry weight of soil. The fibres used were polypropylene (PP) and
polyvinyl alcohol (PVA) with lengths of 6mm and 12mm for both fibres. Xiao et al.
(2013) reported that for 6mm long fibres, a high fibre content, that is, higher than
0.32% for mix ratio 2:1:3 and 0.24% for mix ratio 2:1:5 resulted in a poor workability
of the mixture. Taking into account both workability and performance, the optimum
fibre content for the range of parameters studied were 0.32% for mix ratio 2:1:3 and
0.24% for mix ratios 2:1:4, 2:1:5, 20:7:27 and 5:1:6. For 12mm long fibres, it was
observed that a fibre content of 0.16% gave a better performance than 0.08%; 12mm
PVA fibres also gave a higher strength than 12mm PP fibres in all cases.
Many aspects pertaining to the constitutive behaviour of fibre-reinforced cement-
admixed marine clay remain unknown. The issues which require further study include
the following:
1. Effect of confining pressure under drained and undrained loading.
2. Initial yielding and the shape of the yield surface.
3. Post-yielding behaviour especially the loss of strength and stiffness.
4. The ultimate friction angle at large deformation or after complete loss of structure.
Furthermore, if the aim is to develop a knowledge base to be used for deep and
large-scale subterranean constructions, much higher cement content (for e.g. up to
100% by weight of dry soil) will have to be investigated.
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2.4 Theoretical Studies
2.4.1 Constitutive modelling of structured and cemented soils
Many constitutive models have been developed over the years to include the
influence of soil structure (e.g. Wong & Mitchell, 1975; Oka & Adashi, 1985; Hirai et
al., 1989; Gens & Nova, 1993; Chazallon & Hicher, 1995, 1998; Wheeler, 1997; Kasama
et al., 2000; Rouania & Wood, 2000; Kavvdas & Amorosi, 2000; Vatsala et al., 2001;
Liu & Carter, 2002; Lee et al., 2004; Baudet & Stallebrass, 2004; Horpibulsuk et al.,
2009; Suesuk et al., 2010, 2011; Arroyo et al., 2012; Xiao & Lee, 2014; Nguyen et
al., 2014; Xiao et al., 2016). Some researchers have incorporated damage mechanics
in their framework so as to consider the effect of structure and structure loss in soil
under loading (Shen, 1993a, 1993b; Chazallon & Hitcher, 1995, 1998; Yu et al., 1998;
Vatsala et al. 2001; Zhao et al., 2002; Gens et al., 2005; Liu & Shen, 2005). These
frameworks considered the response of structured soils as the superposition of the soil
skeleton (that is, friction between the soil grains) and cementation bonds, which were
modelled separately. Figure 2.14 illustrates the concept proposed by Vatsala et al.
(2001). However, only Chazallon & Hitcher (1998)’s and Yu et al. (1998)’s models
dealt with cement-treated clay. Furthermore, since the addition of cement into soil
changes its mineral properties, especially at high cement content (Kamruzzaman et
al., 2009), it is questionable whether a superposition approach is adequate.
Some researchers (e.g. Wood, 1995; Rouainia & Wood, 2000) have also proposed
a kinematic hardening constitutive model for natural clays by adding some initial
structure (which can be progressively degraded) to an extension of the modified
Cam-Clay model within the framework of kinematic hardening and bounding surface
plasticity. The shape of the structured surface was assumed to be the same as that of
the remoulded soil.
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Figure 2.14: Representation of the combined action of frictional and bond forces in
cemented soil (Vatsala et al., 2001).
Other studies have used tensile strength to take into account bond strength or
cohesion and developed an elasto-plastic model for cemented soils within a single yield
locus framework (e.g. Gens & Nova, 1993; Lagioia & Nova, 1993, 1995; Oka et al.,
1989; Adachi & Oka, 1993, 1995; Nova et al., 2003; Arroyo et al., 2012). A common
approach is to assume that the yield surface has the same shape and form as that of
the uncemented soil but is enlarged to account for the additional strength provided
by the cementitious bonds, Figure 2.15 (e.g. Gens & Nova, 1993) The hardening
parameter was assumed to consist of two components: hardening of the unbonded soil
and softening due to the bond degradation with plastic strain. Lagioia & Nova (1993,
1995) modified Gens and Nova (1993)’s model and proposed an elasto-plastic hardening
model allowing for material degradation due to loss of bonding. Oka et al. (1989) and
Adashi & Oka (1993, 1995) have proposed that the material strength comprises of
frictional strength and cementation strength or cohesion. While the frictional strength
is considered to be some fraction of the overall stress, the bond degradation is applied
considering the combined stresses. Both models were only validated for soft clay and
rocks.
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Figure 2.15: Increasing yield surfaces for increasing degrees of bonding. Surface A
refers to the unbonded material (Gens & Nova, 1993).
Nova et al. (2003) presented a constitutive framework to model the mechanical
and chemical degradation of bonded geomaterials such as calcarenite, chalk and other
calcareous materials in oedometer tests. It was assumed that the degradation process
does not affect the inherent material parameters such as the elastic stiffness and friction
angle but only some ’internal variables’ which are dependent on the stress history of
the material and on some scalar variables which quantifies the degree of degradation.
While the model is able to reasonably capture a range of physical phenomena, it
contains a number of material parameters which need to be calibrated by trial and
error to fit the experimental results.
Arroyo et al. (2012) introduced a bonded elastoplastic model which is an extension
of the Unified Clay and Sand Model (CASM) by Yu (1998). A scalar history variable
was incorporated in the mean effective stress to represent bonding, based on Gens
& Nova (1993)’s approach. The bonding variable decreased exponentially towards
zero as the plastic strain damage measure increased, so that the size of the yield locus
decreased to that of the unbonded material. The model was however only validated
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for cement contents of 5% and 10%.
Another unified theoretical framework for structured clays and sands - called the
Sydney soil model - was proposed by Liu et al. (2011) and Airey et al. (2011). The
effect of structure was modelled by the introduction of an additional void ratio which
has been commonly observed experimentally in the compression curves of structured
and unstructured soils. The framework also introduced the concept of first loading for
sandy/gravelly type of soil so as to consider loading scenarios whereby the maximum
previous stress state lies below the current reference yield surface. Destructuration of
the soil was formulated in both isotropic loading and shearing, with additional void
ratio and the aspect ratio of the yield locus decreasing to the reference value. The
model was not validated on artificially cement-admixed clay.
Several constitutive models for cement-treated clayey soils have been developed
assuming an associated flow rule (e.g. Kasama et al., 2000; Lee et al., 2004; Xiao et al.,
2016) and non-associated flow rule (e.g. Horpibulsuk et al., 2010; Suebsuk et al. 2010,
2011; Arroyo et al., 2012;; Nguyen et al., 2014). While an associated flow rule has the
advantage of convenience and simplicity, Suebsuk et al. (2010) reported that it cannot
explain the influence of structure on the plastic strain increment vector. Shen et al.
(2005) also reported that volumetric strains and the transition process from contractive
to dilative behaviour is better described by a non-associated flow rule. However, Xiao
et al. (2016) suggested that this could have arisen due to the assumption that the
expanded structure yield locus has the same shape as the unstructured yield locus.
Kasama et al. (2000) developed a constitutive framework for lightly cement-treated
clay by assuming that the failure line of cement-treated soil is parallel to that of
the untreated clay in stress space but is left-shifted owing to cementation. Lee et
al. (2004), Horpibulsuk et al. (2010) and Suebsuk et al. (2010; 2011) also used a
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similar concept to model the critical state line of cement-treated clay. Kasama et al.
(2000) however did not model the effects caused by the loss of structure. Lee et al.
(2004) introduced two parameters, namely the bonding stress ratio and a critical state
parameter to model the stiffness and shear strength of cement-treated soil and their
subsequent degradation due to the breakage of cementation bonds with increasing
shear strains. Based on Liu & Carter (2002)’s Structured Cam Clay model (SCC),
Figure 2.16, Horpibulsuk et al. (2010) introduced a modified mean effective stress
parameter to consider the influence of cementation on the strength and plastic strain
of cemented clay. Similar to the Sydney soil model (Liu et al., 2011; Airey et al.
2011), an additional void ratio was also used to model the effect of cementation.
Upon complete breakage of the bonds, the structured surface was equal to that of the
unstructured/reconstituted material.
Figure 2.16: Illustration of the Structured Cam Clay model for cemented clays in:
(a) compression space (b) stress space (Horpibulsuk et al., 2010).
Suebsuk et al. (2010) noted that Horpibulsuk et al. (2010)’s model had to be
modified to better simulate the behaviour of artificially cement-treated clay using phys-
ically obtained parameters from laboratory experiments. In their Modified Structured
Cam Clay (MSCC) model, a new plastic potential was introduced to account for the
effect of soil structure on the plastic strain direction in hardening as well as softening
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cases. Suebsuk et al. (2010) also proposed a new destructuration law in which the
degradation of the structure was assumed to depend on the plastic deviator strain.
Suebsuk et al. (2011) further modified the MSCC model by including a bounding
surface theory with radial mapping rule. A new material constant was introduced
in the plastic modulus equation to consider the over-consolidated state of structured
clays. However, the above constitutive models do not consider the degradation of
cementation bonds due to increasing confining pressure.
Nguyen et al. (2014) proposed a Cemented Cam Clay model (CCC) in which
the critical state line of the structured clay is non-linear in stress space, based on a
modified mean effective stress which considered the cohesion degradation. At high
effective confining stresses, the failure line of cemented clay merged with that of the
reconstituted cement-clay mixture. Their model was validated on cement-treated clays
with a cement content of up to 10% only.
Since the current thesis is likely to follow up on the work of Xiao (2009), Xiao &
Lee (2014) and Xiao et al. (2016), their main findings will be reviewed in more details
throughout this thesis. Xiao (2009) proposed a theoretical framework for the primary
yielding of unreinforced cement-treated soil. The framework is derived from Roscoe &





(C +Mp′)2dp2s + p′2dp2v (2.12)
where p′ = mean effective stress
q = deviator stress
dpv = incremental plastic volumetric strain
dps = incremental plastic shear strain
C = inherent cohesion
Chapter 2. Literature Review 42
M = critical state friction coefficient
A true cohesion parameter C was introduced into the energy equation so as to consider
the effect of cementitious bonding in the clay-cement matrix, which provides cohesive
properties. It was hypothesized that the work done against C is irrecoverable, implying
that the work done to damage the cementation component dissipates energy. The
friction coefficient M was assumed to be a material constant for a particular mix ratio,
curing time and curing stress. While the left hand side of Equation 2.12 represents
the total work input per unit volume to the material, its right hand side assumes
that the input energy is dissipated by the dilatancy term dpv (which is a measure of
interlocking), the true cohesion term and finally the critical state friction.
Equation 2.12 can be re-written into Equation 2.13 which is able to predict the
primary yield locus of cement-treated soil rather accurately. The complete derivation
of Equation 2.13 can be found in the Appendix from Equation A.1 - A.22. For a
particular mix ratio, the initial cohesion Ci can be calculated from Equation 2.14 -
2.17.








(p′0 − p′) (2.13)
where q = deviator stress
p′ = mean effective stress
p′0 = pre-consolidation pressure
C = inherent cohesion
M = critical state friction coefficient
Ci =
√
g22 − 4g1g3 − g2
2g1
(2.14)






























where qi is the point of intersection between the initial primary yield locus and the
tension cut-off line. Xiao et al. (2014) noted that the value of qi is approximately equal
to the unconfined compression strength. For confining pressures below the isotropic
primary yield stress p′py, p′0 is equal to p′py. It was further mentioned that the cohesion
degrades with plastic strain. Both Ci and ppy are dependent on the mix proportion. It
should be noted that as the parameter C decreases to zero, complete destructuration
occurs and Equation 2.12 reduces to the Modified Cam Clay equation. An illustration
of the simulated yield loci, together with the experimental data, is shown in Figure
2.17 (a).
The continuous degradation of cohesion has implications on the shape of the yield
loci as the soil is loaded past its isotropic primary yield point p′py. Initially, the shape
of the yield locus would have a greater vertical to horizontal aspect ratio. However, as
progressive destructuration takes place, the yield locus ‘flattens’ out and its positive
intercept with the q-axis slowly decreases towards zero. As the material eventually
tends towards complete destructuration (C = 0), the yield locus will finally revert to
an elliptical shape as modelled in the MCC model. This phenomenon can be observed
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in Figures 2.16 (a) and 2.17 (b) below.
Figure 2.17: (a) Simulated evolution of yield locus for cement-treated marine clay
specimens with experimental data (b) Degradation of inherent cohesion C for mix
proportion 10:3:13 (Xiao, 2009).
Xiao et al. (2016)’s model for unreinforced cement-treated clay
More recently, Xiao et al. (2016) proposed a constitutive model for the monotonic
loading of unreinforced cement-treated clay based on the work energy equation shown
in Equation 2.12 and the yield function shown in Equation 2.13. An illustration of the
yield surface in three-dimensional space is shown in Figure 2.18. The derivation of
their model will be briefly described below.
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Figure 2.18: Evolution of yield locus in three-dimensional q-p′-v space, showing an
increase in pre-compression pressure p′0 and decrease in cohesion (Xiao et al., 2016).
Yield function
Based on Equation 2.13, the yield criterion could be written as








(p′0 − p′) (2.18)
In general,
• If f = 0, the stress state of the material is in a yielding state.
• If f < 0, the material is elastic so that the stress state is inside the yield surface.
• f > 0 is theoretically undefined as it would imply that the stress state of the
material is outside the yield surface.
Chapter 2. Literature Review 46
Destructuration and hardening laws
Xiao et al. (2016) postulated that the plastic work done against the soil structure
per unit volume of soil could be given by
dW ps = (p
′ − p′un)dpv + (q − qun)dps (2.19)
where p′un and qun are the mean effective stress and deviator stress carried by the
unstructured soil, p′ and q are the mean effective stress and deviator stress carried by
the structured soil, dpv and dps are the plastic volumetric strain increment and plastic
shear strain increment respectively. While the term (p′ − p′un) represents the plastic
work done by the mean effective stress component which is carried by the cementation
bonds, the other component (q − qun) characterises its deviatoric counterpart. Xiao et
al., 2016) also reported that the fully destructured state of cement-admixed clay could












where p′un = mean effective stress of destructured yield locus
qun = deviator stress of destructured yield locus
In view of Equation 2.20, Equation 2.19 was re-written as










The degradation of the cohesion term C as mentioned above was related to the decrease
in stress sensitivity S (Cotecchia & Chandler, 2000) through a power law, Equation
2.22, which will be examined in more details in Chapter 7.









where Ci = initial cohesion
Si = initial sensitivity
β = degradation index
The decrease in stress sensitivity S was in turn related to the plastic work done against





where α = positive index which characterised the rate of destructuration of cement-
treated clay with respect to its intrinsic state under isotropic compression (Xiao &
Lee, 2014)
p′0 = pre-consolidation pressure
v = specific volume
The determination of the α-parameter will be explained in details in Chapter 7.




























The change in the pre-compression pressure dp′0 was also expressed in terms of the
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where λu is the slope of the intrinsic compression line, κs is the swelling index of the
structured clay.
Equations 2.22, 2.24 and 2.25 represent the hardening and destructuration relations
governing the behaviour of Xiao et al. (2016)’s model.



















(S − 1) (2.27)
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′(S − 1) + Sp′0} = R5 (2.34)

















S(λu − κs)(Sq −Mp
′) = R8 (2.36)
Flow rule and Incremental stress-strain relations
Xiao et al. (2016) assumed an associated flow rule so that the plastic potential g is
equal to the yield function f (Equation 2.18) and the normality condition prevails.
This implied that the plastic strain increment vectors are perpendicular to the plastic


























where χ is a plastic multiplier which prescribed the magnitude of the strains.
















































































Substituting Equation 2.38 and 2.39 in Equation 2.45
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Therefore, dpv
dps
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In classical soil plasticity theory, plastic strains are only allowed to exist on the
yield surface of a particular soil. In constitutive modelling, this creates a well-defined
boundary between the elastic and plastic regime, so that the soil experiences a sudden
change in stiffness when it is loaded past its yield stress. While being a convenient and
simplistic method of modelling the yielding behaviour of soils, the classical plasticity
theory does not provide a realistic description of the yielding process. Dafalias &
Popov (1975) introduced the concept of bounding surface plasticity in an attempt
to smoothen the abrupt change from elastic to plastic behaviour, and thus greatly
improving the modelling of stress states inside the yield surface. The basis of bounding
surface plasticity is that plastic strains are generated inside the yield surface, with a
flexible variation in the plastic modulus (Dafalias & Herrmann, 1982). The plastic
strains progressively accumulate as the stress state of the soil moves towards its yield
(bounding) surface. Most bounding surface models for soils (e.g. Dafalias & Herrmann,
1982; Anandarajah & Dafalias, 1986; Kaliakin & Dafalias, 1990a, 1990b; Liang &
Ma, 1992; Crouch et al., 1994; Ling et al., 2002; Jiang et al., 2012; Nieto-Leal &
Kaliakin; 2014), cement-treated soils (e.g. Liu et al., 2011; Suesuk et al., 2011; Xiao
et al., 2016) and fibre-reinforced soils (for e.g. Diambra & Ibraim, 2014) have used
the radial mapping technique to change the plastic stiffness of the material inside the
yield envelope; Dafalias & Herrmann (1982) explained that the plastic modulus of a
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stress point within the bounding surface is dependent on the radial distance - from
the origin - between the stress point and its image on the bounding surface.
Xiao et al. (2016) introduced a bounding surface concept to model the gradual


























where ω embodied the radial mapping rule. The term ω was determined by Equation
2.61, which entailed that ω gradually increased from a value of 0 and takes a value
of 1 at the pre-consolidation pressure p′0. The rate of increase is dependent on the
magnitude of the empirical constant n. Xiao et al. (2016) reported that the value of
n is generally greater than 1, and has an upper limit of ∞ whereby sudden yielding
occurs. They further mentioned that a value of 15 gave reasonable results for the






for p′0sb ≤ p′0 (2.61)
where p′0sb = isotropic stress related to the current level of loading
p′0 = pre-consolidation pressure
n = index which characterises the abruptness of yielding
The value of p′0sb at every stress increment was calculated by solving the equation
















0sb − p′) = 0 (2.62)
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Model Validation
Xiao et al. (2016)’s model was validated for cement-treated clay specimens having a
cementation of up to 50% and different stress histories, in drained and undrained triax-
ial test conditions. Generally, it was noted that pre-peak behaviour was reasonably well
modelled, as illustrated in Figures 2.19 and 2.20 for undrained and drained shearing
respectively. However, the validation of results were only restricted to specimens with
an overconsolidation ratio of 2 and below.
Figure 2.19: Simulation of undrained shearing behaviour of unreinforced cement-
treated clay with cement content 50% and total water content 133% (a) deviator
stress-strain relationship (b) stress path (Adapted from Xiao et al., 2016).
Chapter 2. Literature Review 57
Figure 2.20: Simulation of drained shearing behaviour of unreinforced cement-treated
clay with cement content 10% and total water content 100% (a) deviator stress-strain
relationship (b) compression space (Adapted from Xiao et al., 2016).
2.4.2 Constitutive modelling of fibre-reinforced uncemented
soil
Soils reinforced with randomly distributed fibres have been generally designed as
a composite material, having an equivalent friction angle and cohesion (Li, 2005).
Several studies have looked into composite approaches to understand the behaviour of
fibres in a soil mass. These include mechanistic models (e.g. Gray & Ohashi, 1983;
Maher & Gray, 1990), statistical models (e.g. Ranjan et al., 1996) and energy-based
limit analysis models (e.g. Michalowski et al., 1996; Diambra et al., 2012; Diambra
& Ibraim, 2014). Zornberg (2002) and Li (2005) proposed a discrete model for limit
equilibrium analysis of fibre-reinforced soil, in which the strength of the composite
was determined from the independent properties of the soil and fibres.
Gray & Ohashi (1983) proposed a force-equilibrium model based on a series of
direct shear tests on fibre-reinforced sand, with the fibres at assumed fixed orientations.
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The model calculated the fibre-induced tension force in terms of the fibres extension
by assuming that the fibres length, interface friction and confining pressure were large
enough to avoid pull-out failure. This constitutes one of the limitations of this model
since commonly used fibres have relatively high deformation modulus and tensile
strength but low interface friction. Moreover, the thickness of the shear zone, which is
difficult to measure, is also an input parameter. Maher & Gray (1990) modified the
model by coupling it with a statistical theory from Naaman (1972) so that the fibre
orientation and quantity intersecting a particular plane could be accounted for. A
critical confining pressure was also introduced to demarcate fibre pull-out and fibre
rupture.
Ranjan et al. (1996) conducted a series of triaxial compression tests to derive an
empirical model for the analysis of fibre-reinforced cohesionless soils. Using regression
analysis, the main variables influencing the shear strength were chosen as fibre aspect
ratio, fibre content, fibre-soil interaction and the shear strength of the unreinforced soil.
Even though there was a reasonably good agreement between the experimental and
predicted shear strength values, the model does not reflect the physical mechanisms of
fibre-reinforcement. The model was also heavily dependent on the quality of the test
data.
Michalowski & Zhao (1996) employed an energy-based homogenisation technique
to define the yielding of fibre-reinforced sand in a plane strain condition. The model
predicted the failure stress of fibre-sand composites in triaxial compression based on
the frictional interaction of sand and monofilament fibres. The fibres were assumed to
have a deformation pattern shown in figure 2.21, with slippage occurring at both ends
of the fibre and tensile rupture in the middle. The model requires five parameters
to predict the failure stress namely volumetric fibre content, fibre yield stress, fibre
aspect ratio, soil/fibre interface friction angle and the internal friction angle of the
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granular matrix.
Figure 2.21: Deformation pattern of fibre-reinforced soil: Fibre-matrix shear stress
and axial stress in a rigid-perfectly plastic fibre (Michalowski & Zhao, 1996).
Zornberg (2002) and Li (2005) proposed a discrete framework to predict the
‘equivalent’ shear-strength of fibre-reinforced soil based on the independent properties
of the soil specimens and fibres as input. The fibres were assumed to behave like
discrete reinforcing elements that contributed to stability by mobilising tensile stresses
along the shear plane. The fibre-induced tension was found to be a function of
volumetric fibre-content, fibre aspect ratio and soil-fibre interface shear strength.
All the models above are failure-based models that do not consider the strain.
Chen (2007) noted that such approaches could be insufficient because the failure
of fibre-reinforced soils occurs at very large strains and furthermore, some samples
strain-harden under loading (e.g. Ang, 2001; Romero, 2003; Consoli et al., 2003). Since
significant deformation of the matrix may be required to mobilise the full strength of
the fibre-reinforced soil, the strain of the material should also be a controlling design
parameter. Constitutive models are therefore required to predict the stress-strain
behaviour of the fibre-reinforced soils at a given strain level. Most common constitutive
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models describe the response of granular soils and municipal solid waste that are
reinforced with randomly distributed fibres (e.g. Prisco & Nova, 1993; Jouve et al.,
1995; Machado et al., 2002; Chen, 2007).
Prisco & Nova (1993) developed a model for uniform granular sand reinforced with
continuous threads of synthetic fibres. The model works by superposing two continua,
one of which is the unreinforced soil and the other one is a fictitious medium that
is only able to sustain tensile stresses up to a certain failure level. The model also
assumed that the two continua would act in a parallel manner so as the strains would
be equal. Despite reproducing reasonably the deviatoric stress-strain behaviour in
drained triaxial loading, the framework could not predict well the peak stresses under
different confining pressure as well as the volumetric behaviour.
Jouve et al. (1995)’s model used a formulation of elastoplastic constitutive equations
to predict the behaviour of fibre-reinforced sand. The fibres were assumed to act
isotropically and to bear only tensile stresses, which were considered as non-linear
elastic. The authors compared their predicted results with the simulation data from
Prisco & Nova (1993) and concluded that the difference was due to the elastic perfectly
plastic behaviour of fibre-reinforced specimens as assumed by Prisco & Nova (1993).
Jouve et al. (1995) reported that the volumetric strain was not well modelled because
of the model’s simplicity.
Machado et al. (2002) modelled the mechanical behaviour of municipal solid wastes
(MSW) by considering two distinct parts, namely the behaviour of the soil and the
synthetic fibres. A critical state framework was applied to the MSW paste while the
waste fibres were modelled using an elastoplastic framework. The study concluded that
the model was able to reproduce the drained behaviour of the MSW reasonably well
up to large strains as well as a decrease in volumetric strain with increasing confining
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stress. However, the volumetric strain at a given strain was overestimated at high
confining stresses.
Chen (2007) proposed a constitutive model which was based on the superposition
of the unreinforced soil response and the response due to the fibres to predict the
stress-strain-volume-pore pressure response of fibre-reinforced silty sand and Ottawa
sand. The model used a parameter that accounted for the reduction in fibre strain
due to the relative slip between the fibres and the soil and changed with effective
consolidation stress, loading conditions and soil types. For drained tests, the deviator
stresses and hydrostatic stresses agreed quite well with the predicted values except
at large strains. In the case of undrained tests, deviator stresses and hydrostatic
stresses were also well predicted except for specimens consolidated at higher effective
stresses. Both pore-pressure and volumetric strains agreed reasonably well with the
experimental data up to large strains.
More recently, Diambra & Ibraim (2014) proposed a model for fibre-reinforced
cohesive soil. Their constitutive model consisted of a Modified Cam Clay-like bounding
surface together with an elastic one-dimensional fibre element. The degradation of
the soil-fibre interface bonding and the tensile strength of the fibres were considered
so that partial fibre slippage, fibre pull-out and even breakage could be simulated.
Although the fibres were considered as discrete elements, an equivalent fibre continuum
stress was derived to superpose the soil and fibre phase.
2.4.3 Constitutive modelling of fibre-reinforced cement-admixed
soil
The models in the previous sections apply only to uncemented fibre-reinforced soils.
Much less is known about the constitutive behaviour fibre-reinforced cement-treated
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soils. Nguyen & Fatahi (2016) recently proposed the C3F model for fibre-reinforced
cement-admixed soil, based on the Modified Cam Clay yield function with a non-
associated flow rule. A modified mean effective stress was introduced to capture
the effects of cementation and fibre reinforcement on the soil matrix, and also the
subsequent degradation of cementation and the rupture of the fibres at increasing
plastic strain. Nguyen & Fatahi (2016) were able to reasonably predict the experimental
results from undrained triaxial tests on specimens reinforced with 15% cement and 0%-
0.5% fibre by weight of clay. However, the cementation and fibre-related parameters
of the C3F model need to be determined by carrying out triaxial tests on both
unreinforced and fibre-reinforced specimens, which is inconvenient. Some other model
parameters also need to be estimated by fitting the experimental stress-strain curves,
especially the post-peak portion.
2.5 Outstanding Issues and Scope of Study
2.5.1 Concerns and Outstanding issues
The extensive literature review presented in the previous sections highlighted
numerous knowledge gaps in the field of fibre-reinforced cement-admixed soils, especially
with regards to clayey soils. For this material to be reliably used as a support system in
deep and large scale underground construction, more research is required on constitutive
modelling, especially on cement-rich mixes.
Firstly, it is unclear whether the presence of fibres inside cement-admixed clay
specimens will induce any size effect. As noted by Ang & Loehr (2003) for fibre-
reinforced soils, the appropriate specimen size to reliably measure the ‘true’ mass
behaviour has not been well studied. Much of the previous tests on fibre-reinforced
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cement-treated soils were conducted on specimens with size 50 mm in diameter by
100 mm in height (for e.g. Consoli et al., 1998; Kaniraj & Havanagi, 2001; Consoli
et al., 2009; Uddin et al., 2011; Estabragh et al. 2012; Xiao et al. 2014). Secondly,
the yield loci and yielding behaviour of fibre-reinforced cement-admixed soils have not
been studied experimentally. The shape of the initial yield locus and its post-yield
evolution are still unknown. There are no studies on the effects of water-to-cement
ratio, soil-to-cement ratio, curing stress and curing time on the yield locus of fibre-
reinforced cement-treated soil. Finally, the post-yield behaviour of this material has
not been explored before, particularly using an energy-based approach of the kind
used by Xiao et al. (2016).
It is also important to note that the findings from all the previous studies about
fibre-reinforced cement-treated soils cannot be compared directly to one another
because most of these research works do not share the same parameters. Different
types of fibres (Polypropylene, PVA, Nylon, fibreglass, polyester, carpet, cellulose) with
different aspect ratios and properties have been used. Many researchers also calculated
their fibre contents by using different formulations, which further complicates the
comparison of results. Consequently, current knowledge on fibre-reinforced cement-
treated soils remains sparse and fragmented. In this study, polypropylene fibres will
be used and the fibre content will be varied. More details will be provided in the
‘materials’ section in chapter 3.
2.5.2 Scope of work in the current study
This study will be sub-divided into several sections with the following tasks:
1. Possible size effect due to fibre inclusion in cement-admixed specimens will first
be studied. The aim is to establish the minimum size of specimen that can be
tested in the laboratory to avoid size effect due to fibres.
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2. Secondly, a parametric study will be conducted for a range of mix proportions
(focusing on high cement content, that is, ≥ 50% by dry weight of soil) with
different fibre content and curing time to understand the constitutive behaviour of
fibre-reinforced cement-admixed Singapore marine clay. For this part of the study,
the focus will be the mapping of the yield locus and its post-yield evolution under
triaxial loading conditions for different cement and water contents. Comparison
will be made with the behaviour of unreinforced cement-treated soils (Xiao et al.
2014, 2016; Xiao & Lee 2014).
3. A constitutive framework for the yielding and post-yield behaviour of fibre-
reinforced cement-admixed marine clay will be proposed based on the exper-
imental results - this would include identifying a suitable critical state for
fibre-reinforced cement-treated clay, investigating its destructuration behaviour
under triaxial loading conditions and eventually proposing a destructuration
law. The author will verify whether Xiao et al. (2016)’s constitutive model for
unreinforced cement-treated clay can be used to model the stress-strain behaviour
of fibre-reinforced cement-treated clay, using the new destructuration law.
The following aspects pertaining to the behaviour of fibre-reinforced cement-treated
soil will not be included in this study:
1. Anisotropy effects resulting from the non-uniform distribution of fibres and
cementitious products inside the specimens.
2. Small and local strain measurements of the specimens. Rather, this study will
focus on the global stress-strain behaviour.
The next few chapters will present the methodology adopted in this study as well
as the results and discussions.
Chapter 3
Experimental Methodology, Setup and
Validation
This chapter describes the experimental methodology adopted in the current study.
Firstly, the materials used will be presented, followed by the various parameters which
will be investigated such as the cement content, water content and curing time. Next,
the procedure for the preparation of intact and remoulded test specimens is explained
in details. A description of the testing procedures and experimental setup is then given.
Finally, the influence of the experimental setup on the test results is investigated in
terms of size effect due to fibres and type of loading frame.
3.1 Materials
3.1.1 Singapore marine clay
The marine clay used in this study was obtained from a Mass Rapid Transit (MRT)
station construction site in Little India, Singapore located in the south-south-east
of the island. The marine clay was excavated from a depth of 10m - 15m and it
belongs to the Singapore Upper marine clay layer, which is a member of the Kallang
formation (Pitts, 1992). It is a lightly overconsolidated and moderately structured soil,
characterised by low undrained shear strength and high compressibility (Tan et al.,
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2002). The properties of the Singapore Upper marine clay, shown in Table 3.1, have
been rigorously studied by Tan (1983) and Yong et al. (1990), among others. The
properties of the Upper marine clay used in this study are presented in Table 3.2.
Table 3.1: Typical properties of Singapore upper marine clay (Tan, 1983; Yong et
al., 1990).
Geotechnical properties Tan (1983) Yong et al.(1990)
Unit weight (kN/m3) 14.0 - 16.0 15.0 - 16.0
Water content (%) 60 - 100 60 - 90
Atterberg limits Liquid limit (%) 75 - 115 80 - 120







Field vane 8 - 40
su/p
′
0 0.18 - 0.41 0.18 - 0.30
Sensitivity 1.5 - 6 1.5 - 6
Compression index Cc 0.70 - 1.30 0.60 - 1.20
In-situ void ratio 1.72 - 2.50 1.70 - 2.50
Coefficient of permeability
k (×10−9m/s) 0.01 - 0.20 0.10 - 1
Coefficient of lateral earth
pressure at rest (K0)
0.52 - 0.72 0.58 - 0.70
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Table 3.2: Basic properties of Singapore marine clay used in this study.
Properties Values Properties Values
Liquid Limit LL (%) 74.0 Grain size distribution:
Plastic Limit, PL (%) 31.0 Sand (%) 6.4
Plasticity Index, PI (%) 43.0 Silt (%) 47.7
Specific Gravity, Gs 2.69 Clay (%) 45.9
Before storage, the marine clay was wet-sieved to remove particles with diameter
larger than 0.3 mm. Natural marine clay contains coarse particles such as pebbles,
small rocks, sea shells and pieces of wood. To remove these coarse particles, the soil
was soaked in water for a few days until it attained slurry consistency. Next, the
coarse debris were removed manually before the clay was sieved. Two different sizes
of sieve, namely 1 mm followed by 0.3 mm were progressively used so as to remove
the coarse particles while still maintaining the composition of the soil. The sieved soil
was then mixed homogenously in a Hobart mixer and finally transferred into plastic
bags for storage at a moisture content of about 80%. The marine clay was sieved and
stored without drying as Lee et al. (2005) had noted that this would cause significant
irreversible changes to its Atterberg’s limits, which are indicative of mineralogical
changes.
3.1.2 Ordinary Portland cement
The cementing agent used in this study is Ordinary Portland Cement (OPC) Type
I, the properties and chemical composition of which are given in Table 3.3. In this
study, the cement-admixed soil mix ratios will be expressed as s:c:w, where s is the
mass of soil solids, c is the mass of cement solids and w is the mass of water at the
point of mixing. In cement-admixed soil, an alternative way to express the mix ratio
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is by the cement content and total water content. The cement content (Aw) is defined
as the mass ratio of cement to soil solids, that is, c/s. The total water content (Cw)
is defined as the ratio of the mass of water w in the mix to the mass of dry soil





. Aw and Cw are commonly expressed in
percentage. The same definitions were adopted in studies by Lee et al. (2005), Chin
(2006), Xiao (2009), Xiao & Lee (2014) and Xiao et al. (2016).
Table 3.3: Properties and chemical composition of Ordinary Portland Cement (OPC)
Type I. The source of the cement is Engro Corporation Limited (Singapore).
Chemical composition Unit(%w/w) Chemical composition Unit(%w/w)
Silica, SiO2 22.0 Alumina, Al2O3 5.0
Ferric Oxide 3.1 Magnesium Oxide, MgO 2.5
Sulphur Oxide, SO3 2.0 Potassium Oxide, K2O 0.6
Sodium Monoxide 0.6 Manganese Trioxide, Mn2O3 0.3
Calcium Oxide, CaO 65.0
3.1.3 Polypropylene fibres
The properties of the polypropylene (PP) fibres used as the reinforcement medium
for the cement-admixed clay are shown in Table 3.4. Polypropylene fibres have been
commonly used in concrete technology to control cracking, e.g. in fibre-reinforced
concrete. These fibres are chosen for several reasons. Firstly, they are relatively cheap
and widely available. Moreover, in a study on cementitious composites reinforced with
polypropylene fibres, Pakravan et al. (2012a) reported that in a polypropylene/cement
system, such fibres are not easily wetted by cement paste and do not absorb or react
with the moisture in the soil. As shown in Figure 3.1(a), this results in a gap at
the fibre-matrix interface, which is filled by water (Peled et al., 2008). This hollow
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space provides an adequate environment for the growth of large size calcium hydroxide
crystals which possess high friction energy and high adhesion energy. Since PP fibres
have a low superficial resistance, the contact with the cementitious products deforms
the fibre shape, causing a dissipation of energy (Pakravan et al., 2012a). It was also
reported that the elongation of the polypropylene fibres causes further substantial
energy dissipation through bonding of the fibres to the cementitious matrix. Applying
the adhesion theory (Gent & Schultz, 1972) to their pull-out test results, Pakravan
et al. (2012a) noted that this dissipated energy constituted a major component of
the adhesion energy and is related to mechanical bonding/interlocking of the fibres
with the matrix. Pakravan et al. (2012b) also mentioned that the densification of the
cementitious matrix caused by a lower water-cement ratio and/or longer curing time,
increased the mechanical bonding between the polypropylene fibres and matrix.
The fibre content is herein defined as the ratio of volume of fibres to the total
volume of dry soil, cement and water. A volumetric fibre content range of 0.76% -
2.30% will be explored in this research.
Table 3.4: Basic properties of polypropylene fibres used in this study
Properties Values Properties Values
Length l(mm) 6 Elastic modulus (GPa) 3
Diameter d (µm) 31 Density (kg/m3) 910
Asepct ratio l/d 193 Elongation at break (%) 15
Tensile strength (MPa) 540
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Figure 3.1: SEM micrograph of polypropylene fibres at the fracture zone of the
cement composite at a magnification of (a) ×645 (b) ×4500 (After Pakravan et al.,
2012a).
3.1.4 Water-reducing admixture
In order to improve the workability of some of the mix ratios during mixing
and casting, a naphthalene-based superplasticizer, Rheobuild 1000, was added. The
maximum dosage used was 1.13 - 2.27 L/100 kg of soil + cement solids. Since Rheobuild
1000 is composed of about 60% water, the amount of water to be used in a particular
cement-slurry mixture was reduced so as to take into account the water from the
superplasticizer.
Some preliminary unconfined compression tests were carried out on non-reinforced
cement-admixed clay specimens to investigate the effect of superplasticizer on the
stress-strain behaviour. The mix ratio (s:c:w) tested was 2:1:3, with a curing period
of 7 days under atmospheric pressure. As shown in Figure 3.2, it appears that while
the usage of superplasticizer does not significantly affect the peak strength, specimens
with superplasticiser exhibit more variability in their stress-strain curves. The effect
of superplasticiser is to reduce the viscosity of the mixture so as to improve its overall
workability and thus facilitate sample preparation. At the same time, localised regions
of lower viscosity - in other words heterogeneities - may inevitably develop within the
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material during the mixing process. This could help to explain the small spread in the
test results. On the other hand, minimal effect is expected on the peak strength as
superplasticisers do not react chemically with the cement.
Figure 3.2: Effect of superplasticizer on the stress-strain behaviour of unreinforced
cement-admixed clay specimen - Unconfined compression test results for the 2:1:3 mix
ratio cured under atmospheric pressure for 7 days all the sizes that were tested.
3.2 Parameters Investigated
As mentioned earlier, the main objective of this study is to develop a constitutive
framework to model the behaviour of fibre-reinforced cement-admixed Singapore ma-
rine clay under triaxial loading. To achieve this, different mix ratios (i.e. cement and
water contents) and curing time were investigated during the test program. Xiao et al.
(2014) used 10% to 100% cement content and 72% to 183% total water content to in-
vestigate the general stress-strain behaviour of unreinforced cement-treated Singapore
marine clay under triaxial loading. In terms of mix ratios, Xiao et al. (2014)’s range
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of mix ratios covers a soil-cement (s:c) ratio ranging from 1 to 10 and water-cement
(w:c) ratio ranging from 2 to 11. Curing was carried out under isotropic compressive
stresses of 0 (atmospheric curing) to 350 kPa and curing time ranging from 7 to 210
days. In the current study, a similar range of mix ratios are investigated to enable
comparison between cement-treated clay with and without fibre reinforcement. This is
consistent with the objective of this project which is to shed light on the constitutive
behaviour of fibre-reinforced cement-admixed soil for use in stability intervention in
large underground openings in very soft soils. In order to achieve this, it is envisaged
that the range of cement content (or cement-soil ratio) used will probably be on the
higher end of the range. Apart from Xiao et al. (2014), Xiao & Lee (2014) and Xiao
et al. (2016), there has been relatively little work on soils with cement contents higher
than about 20%. The literature review in the previous chapter also indicated that
there is little research involving high cement content and fibre-reinforcement (e.g.
Correia et al. 2015). The matrix of the mix ratios to be examined are summarised
in Table 3.5. Most of the mix ratios were selected so as to replicate cement-rich
ground improvement in soft clays. In addition, a curing period of 7 days will be mostly
adopted herein instead of the conventional 28-day strength used in practice. Since
most of the experimental data on unreinforced cement-treated Singapore marine clay
was available for a 7-day curing period, it was essential to maintain a similar condition
for the direct comparison of data. Furthermore, 7-day strength data is more practical
and time-efficient to prepare in the laboratory; given that empirical relations have also
been proposed to relate the strength of cement-treated clays to the curing time (e.g.
Chian et al. 2016), the 28-day strength could be still be calculated by extrapolation
from 7-day strength if required.
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10:1:11 10:1 11:1 10 100 0 7 ICT
5:1:6 5:1 6:1 20 100 0 7 UCT, ICT, CIU,CID, η
5:2:7 5:2 7:2 40 100 0 7 ICT
2:1:3 2:1 3:1 50 100 0 7 UCT, ICT, CIU,CID
2:1:4 2:1 4:1 50 133 0 7 UCT, ICT, CIU,CID, η
4:3:7 4:3 7:3 75 100 0 7 UCT, ICT, CIU,CID
1:1:2 1:1 2:1 100 100 0 7 UCT, ICT, CIU,CID
1:1:2.5 1:1 2.5:1 100 125 0 7 UCT, ICT, CIU,CID
1:1:3 1:1 3:1 100 150 0 7 UCT, ICT, CIU,CID, η, K0
1. Basic property tests including post-curing water content,
post-curing unit weight and post-curing porosity were conducted on
all mix ratios.
Remarks 2. CIU/CID: isotropic consolidated undrained/drained
compression test
3. ICT: isotropic compression test; UCT: unconfined compression test
4. η: constant stress ratio test
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Lee et al. (2005) proposed a workability chart for clay-cement mixtures, Figure 3.3,
based on the liquid and bleeding limits of the mix. Lee et al. (2005)’s cement content






. As Figure 3.3 shows, all the mix ratios in Table 3.5 fall within the
workability range of slurry clay-cement mixtures, that is, above the liquid limit and
below the bleeding limit. This indicates that the mixtures are likely to be workable.
However, the inclusion of fibres in the cement-admixed clay is likely to decrease the
workability of the mixture and in some cases, superplasticizers was found to be required
to enhance the mixability. As shown earlier by unconfined compression tests, the
superplasticizer did not have any adverse effect on the strength of the mix.
Figure 3.3: Workability range of slurry clay-cement mixes. The mix ratios used in
this study are marked as yellow stars (after Lee et al., 2005).
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3.3 Sample Preparation Procedure
The sample preparation process is similar to that used by Xiao (2009). The
procedure for the 50 mm × 100 mm (diameter x height) specimens is illustrated in
Figures 3.4 and 3.5. The 70 mm × 140 mm and 100 mm × 200 mm specimens were
also prepared using the same equipment (mixing bowl and Hobart mixer). For the
150 mm × 300 mm specimens, a bigger Hobart mixer was used due to the larger
quantity of materials involved. Pre-determined amounts of distilled and de-aired
water and marine clay were mixed to achieve 100% moisture content and the soil was
remoulded in a Hobart mixer at a rotational speed of 125 rpm for approximately 10
minutes. Based on the required mix ratio, the mass of cement powder and total water
was calculated. The cement powder was made into a slurry and added to the soil
mix. Finally, the clay-cement slurry was mixed with the polypropylene fibres. Poor
dispersion and clumping of fibres within the mixture reduces the effectiveness of fibre
reinforcement and could also lead to inconsistent results. It was therefore necessary to
disentangle the fibres prior to adding them into the mixture so as to prevent clumping;
this was done by subjecting the fibres to a pressurized air jet. As seen in Figure 3.6,
the difference before and after dispersion is very evident. A similar fibre dispersion
technique was also used by Cristelo et al. (2015) in their study. As mentioned before,
superplasticizer was also added if the workability of the mix was low. During the
mixing process, the Hobart mixer and hand mixing were alternatively adopted to
control the uniformity. The entire mixing process typically lasted 30-40 minutes.
The resulting mix was then cast in three layers into lubricated cylindrical polyvinyl
chloride (PVC) moulds; this produced more homogenous specimens. During moulding,
no compaction was applied and the moulds were placed on a vibrating table so as
to expel large air bubbles. The samples were then allowed to cure fully immersed in
a tank of distilled water for the required curing period after which they were taken
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out for their respective tests. Curing was carried out under atmospheric pressure.
Moist curing was adopted because it is considered to be reflective of the actual curing
conditions of improved soil in most sites in Singapore (Lee et al., 2005). Singapore
marine clay layers are mostly located below the groundwater table and it is thus
expected that sufficient water is available to sustain the hydration of cement in the
improved soil.
The possible presence of air bubbles in the specimens was also considered. A
substantial volume of air voids in the sample will result in a more porous material,
leading to a loss in strength. Two measures were adopted to minimize the possibility of
air bubbles being accidentally introduced into the mixture during the mixing process
and placement into the moulds. The first measure is by vibrating the mould during
placement. The second is the use of deaired water for mixing. As the mix is quite liquid
at the point of mixing, large air bubbles can be readily expelled by vibration owing to
their much lighter density, compared to the admixture. Remaining microscopic air
bubbles will go into solution due to osmotic pressure if deaired water is used as the
pore fluid. On the other hand, if aerated water which is already saturated with air is
used, then microscopic air bubbles cannot go into solution, thereby remaining as air
bubbles in the specimens, leading to a possible loss of strength.
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Figure 3.6: State of fibres before (left) and after (right) being subjected to an air
pressure of 1 MPa. Both lumps have the same mass.
The post-curing air content was also indirectly monitored by measuring the bulk
density of the samples for a particular mix ratio, which served as a post-curing quality
control parameter. Based on the measured bulk density of the test specimens, a statis-
tical analysis was performed and the results are tabulated in Table 3.6. Assuming that
the data follows a normal distribution, Figure 3.7 shows the mean bulk density for each
mix ratio, with error bars of 2 times the standard deviation. For a normal distribution,
there is a 95% probability that the data lies within the range shown in Figure 3.7, which
is a generally accepted tolerance in research. Therefore, specimens which departed
significantly from the above range were rejected, thereby ensuring consistent specimens.
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Figure 3.7: Distribution of the bulk density of fibre-reinforced cement-treated clay
test specimens for the mix ratios investigated. The error bars indicate +/- 2 times the
standard deviations.
Table 3.6: Mean bulk density and standard deviation of the test specimens for the

























2:1:3 1.48 0.009 113 1:1:2.5 1.42 0.008 24
2:1:4 1.38 0.007 108 1:1:2 1.50 0.005 27
4:3:7 1.49 0.005 34 1:1:3 1.35 0.006 38
5:1:6 1.46 0.007 56
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3.4 Testing Procedure and Apparatus
After the curing period, the samples were taken out of the water tank and trimmed
at both ends to remove any irregularities and unevenness. They were then tested
under unconfined or triaxial loading conditions. The tests that were performed include
unconfined compression test (UCT), isotropically consolidated undrained (CIU) test,
isotropically consolidated drained (CID) test, isotropic compression test (ICT) and
constant stress ratio (η) test. For all tests with confining pressure, the specimens were
saturated to a backpressure of up to 500 kPa to ensure saturation, prior to being
loaded. The saturation process followed the guidelines from Eurocode EN 1997-2:2010
and it was ensured that the Skempton B-value was at least 0.9 (Black & Lee, 1973). In
this study, the B-value was measured consistently to be 0.95 or higher for every test.
3.4.1 Basic properties
Basic property tests such as determination of post-curing water content, post-curing
bulk unit weight and post-curing porosity were carried out on the specimens after
their respective curing period. The procedures and the equipment were compliant
with the Eurocode Standard guidelines EN 1997-2:2010.
3.4.1.1 Determination of bulk unit weight
The bulk density or unit weight of the specimens prior to testing was determined
by immersion in water. The apparatus used is shown in Figure 3.8. As mentioned
before, the bulk density measurements would give an indirect indication of the air
content within the specimens.
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Figure 3.8: Lumps of fibres suspended in the SG bottles during the particle density
test.
3.4.1.2 Determination of post-curing porosity
The measurement of post-curing porosity and hence specific volume of the specimens
prior to testing is important in tests where drainage of excess pore water is allowed.
Two methods were investigated to measure the post-curing porosity. More details are
given below:
Method I - Phase relationship
Since fibre-reinforced cement-admixed clay is a multiphase material, it can be
decomposed into its different constituents for calculations. For unreinforced cement-
treated clay, Xiao (2009) simplified the phase diagram by combining the clay and
cementitious particles into one phase. Following Xiao (2009), fibres, cementitious
products and clay particles have been grouped as shown in Figure 3.9 (a), the equivalent
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specific gravity of which is denoted by Gsc1. From Equation 3.1, the void ratio can
thus be calculated if the bulk density and water content of the specimen are known.




where w = water content of the sample = mass of water/total mass of solids
e = void ratio
γw = unit weight of water
The main limitation of this method is related to the measurement of specific gravity
Gsc1 of the combined solid phase. Preliminary attempts at determining a representative
specific gravity (or also known as particle density) for the combined phase following
the guidelines of Eurocode EN 1997-2:2010 have proved to be unsuccessful. Before
carrying out the ‘small pyknometer test’, the samples were oven-dried overnight at
a temperature of 103◦C after which they were ground to powder using a pounder.
As observed in Figure 3.10, the fibres could not be fully separated by the pounding
process and this resulted in lumps of fibres being suspended in the density bottles.
Hence, the measurements of specific gravity were not as accurate and it was reflected
by the large scatter in the measured values, ranging from 2.35 to 2.48 Mg/m3.
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Figure 3.9: (a) 3-phase diagram whereby fibres, cement and clay particles have been
combined into 1 solid phase. (b) 4-phase diagram with fibres being considered as a
separate phase.
Figure 3.10: Lumps of fibres suspended in the SG bottles during the particle density
test.
The combination of only cement solids and clay particles in one phase was also
considered as shown in figure 3.9 (b). The bulk density of this 4-phase model was
derived in Equation 3.2. Similar to the previous approach, if the water content, mass
of fibres and combined mass of cement and clay particles are known, the void ratio e
can be determined.
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Bulk density, γb =








where Gsc2, Ms+c and Vs+c are the representative specific gravity, mass and volume of
the combined soil and cement phase respectively,Mf and Vf are the mass and volume of
fibres respectively. The main limitation of this approach was the difficulty in separating
the fibres from the matrix cleanly and completely after crushing. Consequently, the
mass of the fibres Mf could not be determined accurately.
Since the two above approaches were found inadequate and impractical to determine
the void ratio of fibre-reinforced cement-admixed clay, another method was explored
from concrete technology.
Method II - ASTM standard C642-06
This method was adopted from ASTM standard C642-06 which is a standard
test method for density, absorption and voids in hardened concrete. The underlying
principle is to fill up all the voids of the specimens with water and then evaporating
it so that the volume of evaporated water is equivalent to the volume of the voids,
from which porosity can be calculated. To achieve this, it was important to ensure
that the specimens reached almost full saturation during moist curing. In their study,
Consoli et al. (2009) were able to obtain a degree of saturation of 87% by dry curing
the samples in a humid room for 6 days and in a water tank for another additional day.
The samples were immersed in water for saturation and to minimize suction. In the
current study, since the samples are continuously cured in water for at least 7 days,
there is a greater confidence that a much higher degree of saturation can be achieved.
Nevertheless, a small test was carried out to verify this hypothesis.
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The test consisted in saturating a specimen under backpressure to a Skempton
B-value of above 0.9, at a very low effective stress of 5 kPa so as to minimise the
disturbance to the test specimen. The mass of the specimen was then measured before
and after oven-drying to determine the porosity value. The results are compared to a
control specimen, that is, one which was not subjected to backpressure. Two different
sizes of specimens were tested: (i) diameter 50 mm × height 100 mm and (ii) diameter
50 mm × height 50 mm. All specimens were made from the same batch and were
cured for 7 days in a water tank. The results are tabulated below.
Table 3.7: Summary of results showing the effectiveness of moist curing on the
degree of saturation. The Skempton B-value was about 0.97 for specimens which were
saturated under backpressure.
Test specimens 50 × 100mm(control) 50 × 100mm
50 × 50mm
(control) 50 × 50mm
Weight before
saturation(g) 282.49 278.40 136.50 134.40
Weight after
saturation(g) - 280.28 - 134.59
Dry weight(g) 138.81 136.11 66.59 65.20
Porosity 0.73 0.73 0.73 0.73
From Table 3.7, it is observed that even after the application of backpressure, the
increase in the water content was merely 1.38% and 0.29% for the 50 mm × 100 mm
and 50 mm × 50 mm samples respectively. Given that the measured B-value was
about 0.97 for specimens subjected to backpressure and that the porosity values from
all the specimens are very close to each other, it can be indirectly inferred that the
control specimens were almost fully saturated. As Table 3.7 shows, the weight of the
50 mm × 50 mm specimen seems to be unaffected by the application of backpressure.
This suggests that specimens of such sizes tend to saturate easier when immersed
in water due to their shorter lengths. In subsequent experiments, additional 50 mm
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× 50 mm specimens were cast during the sample preparation process for porosity
measurements.
3.4.2 Determination of post-curing porosity - phase relation-
ship
The post-curing porosity of the test specimens and hence their specific volume
could also be verified theoretically by using Chin (2006)’s volume-mass model which
was developed for unreinforced cement-treated clay. Chin (2006) reported that the
void ratio predictions for specimens cured under atmospheric pressure was within a
1.5% error margin of the test data. The model will be slightly modified in the current
study to account for the inclusion of fibres. The derivation of the phase relationships
of the volume-mass model will be shown below, based on the following assumptions:
i) This hydration model is derived from cement paste (Neville, 1995) and has been
directly applied to cement-treated clay mixtures. It is assumed that the clay
particles, as well as their microscopic interaction with the cement particles, do
not affect the hydration reaction.
ii) The model does not consider the effect of pozzolanic reactions. Chin (2006) used
a maximum curing period of 7 days and claimed that the extent of the pozzolanic
reaction as compared to the hydration reaction is still minimal at this curing
stage. In the current study, only 7-day-cured specimens were compared with the
model results.
iii) As shown in section 3.4.1.2, the specimens can be assumed to be fully saturated
with water, which implies that the volume of air voids is insignificant.
The model consists of three stages, as shown in Figure 3.11. Stage 1 dissects the basic
components of the mixture before mixing takes place. The clay is sub-divided into soil
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particles and water, and similarly the cement slurry is sub-divided into the cement
particles and water. The fibres are also considered to be a separate solid phase. Stage
2 and 3 shows the state of the mixture after the mixing process and after 7 days of
wet curing under atmospheric pressure respectively.
Figure 3.11: Volume - mass model for unreinforced cement-treated clay from Chin
(2006), which has been modified to include the fibre phase.
The formulation below was obtained from Neville (1995) and was adapted by Chin
(2006) to account for the presence of clay particles. A fibre phase will be further added
herein to account for the fibres. Neville (1995) noted that the minimum water-cement
ratio (by mass) to achieve complete hydration is 0.42:1. In this study, since the
lowest water-cement ratio that will be investigated is 2:1, more than sufficient water is
available for the hydration reaction to fully progress. The net mass of water that is
consumed by the hydration reaction (non-evaporable water) is 0.23 times the mass of
cement solids Mc (Powers & Brownyard, 1947). Hence, the net mass of water used
after a given fraction ht of the hydration reaction is given by
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Mw,h = 0.23×Mc × ht (3.3)
The products of the hydration reaction occupy a smaller volume than the sum of
volumes of the intact cement particles and the water consumed during hydration by
approximately 0.254 of the volume of the latter. Assuming that the volume of clay
particles does not react during hydration, the cement-treated clay solids occupy a
volume given by
Vsc = Vs +
(
Vc +




Volume of hydration products
(3.4)
where ρw is the density of water, Vc is the volume of cement particles and Vs is the
volume of clay particles. From conservation of mass, the mass of the cement-treated
clay solids is given by
Msc = Ms +Mc +Mw,h (3.5)
where Ms and Mc are the mass of the clay particles and cement particles respectively.
The volume of the gel water and water available (evaporable water) after a certain
percentage ht of hydration is given by
Vw,a+g = Vw,s+c − 0.23×Mc × ht
ρw
(3.6)
and its corresponding mass as
Mw,a+g = ρw × Vw,a+g (3.7)
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The volume of empty capillary pores created in the specimen after a certain percentage
ht of hydration is
Vep =
0.23×Mc × 0.254× ht
ρw
(3.8)
If hydration occurs in drained conditions, the empty capillary pores will be filled with
water as external water flows into the specimen to maintain the initial volume. The
total volume of water in the soil-cement mix is thus given by
Vw,sc = Vw,s+c − 0.23×Mc × (1− 0.254)× ht
ρw
(3.9)
and its corresponding mass is given by
Mw,sc = ρw × Vw,sc (3.10)
Based on the above equations, the basic volume and mass properties such as the post-
curing bulk density and void ratio of fibre-reinforced cement-treated clay specimens
can be calculated by using Equations 3.11 and 3.12 if the degree of hydration of the
specimens is known.
Bulk density, γb =
Mw,sc +Msc +Mf
Vw,sc + Vsc + Vf
(3.11)




where Mf and Vf correspond to the mass and volume of fibre respectively.
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Assuming that hydration reaction is fully completed after 7 days of curing, that
is, ht=1, the post-curing bulk density as well as the post-curing void ratio of the
fibre-reinforced cement-treated clay specimens can now be determined. The volume of
fibres Vf is 1.85% of the sum of Vw,s+c, Vs and Vc. In some cases, other fibre contents
such as 0 and 1.55% were used. Mw,sc, Ms and Mc are dependent on the mix ratio
and can be calculated based on the formulations given in section 3.1.2. Tables 3.8 and
3.9 show the comparison between the model predictions X and the measured values Y
for bulk density and void ratio respectively. The percentage difference Z between the
two values is given by
|(X − Y )|
Y
× 100 %.
Firstly, it can be observed that the model is able to capture the densification of
the cementitious matrix with increase in cement content and decrease in water-to-
cement ratio, which translates to an increase in the bulk density. The increase of bulk
density with cement content agrees well with the findings of Correia et al. (2015)
on fibre-reinforced cement-treated silty clay. The observed increase in the predicted
bulk density is also consistent with the decrease in void ratio. The measured values
in Table 3.9 also seem to indicate that fibres reduce the porosity of the mixture,
which is consistent with the fibres occupying the voids in-between clay and hydration
products particles. Nguyen & Fatahi (2016) also reported that the initial void ratio of
cement-treated clay decreased with increasing fibre content. However, their reported
decrement in void ratio was much less than in the current study and is probably due
to their smaller fibre content of 0.5% of the mass of clay, compared with about 2%
of the mass of clay used herein. For fibre-reinforced sand, Wood et al. (2015) also
highlighted that fibres do occupy some void space so that for a particular packing
density of the sand, the volume of voids available for deformation is reduced. The
model is also able to reflect this reduction in void ratio, as shown by the predicted
values. However, the addition of 1.85% fibres does not seem to affect the bulk density.
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Overall, the modified volume-mass model shows good potential in predicting the
bulk density values. The maximum percentage difference from the experimental values
is about 1%, which is minimal. Regarding the void ratio, the model shows a reasonable
agreement with the measured values. While the percentage differences in this case are
much higher than the bulk density ones, they are still within a range of 10% of the
measured values. The model generally gave a better prediction of the void ratio for
mix ratios with higher cement content.
Table 3.8: Measured and predicted values of bulk density for fibre-reinforced and























10 100 1.85 1.45 1.46 0.68
10 100 0 1.45 1.47 1.36
5:1:6 20 100 1.85 1.46 1.46 0.00
5:2:7 40 100 1.85 1.47 1.48 0.68
2:1:3
50 100 1.85 1.48 1.49 0.67
50 100 0 1.48 1.48 0.00
4:3:7 75 100 1.85 1.49 1.49 0.00
1:1:2 100 100 1.85 1.50 1.49 0.67
1:1:2.5 100 125 1.85 1.42 1.43 0.70
1:1:3 100 150 1.85 1.36 1.36 0.00
2:1:4
50 133 1.85 1.38 1.39 0.72
50 133 1.55 1.38 1.40 1.43
50 133 0 1.39 1.40 0.71
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Table 3.9: Measured and predicted values of void ratio for fibre-reinforced and























10 100 1.85 2.35 2.08 12.98
10 100 0 2.50 2.59 3.47
5:1:6 20 100 1.85 2.27 2.48 8.47
5:2:7 40 100 1.85 2.16 2.19 1.37
2:1:3
50 100 1.85 2.12 2.17 2.30
50 100 0 2.25 2.33 3.43
4:3:7 75 100 1.85 2.04 2.04 0.00
1:1:2 100 100 1.85 1.98 1.97 0.51
1:1:2.5 100 125 1.85 2.50 2.72 8.09
1:1:3 100 150 1.85 3.00 2.92 2.74
2:1:4
50 133 1.85 2.83 2.84 0.35
50 133 1.55 2.86 2.89 1.04






15 117 0.79 2.93 3.05 3.93
15 117 0.47 2.97 3.10 4.19
15 117 0 3.02 3.12 3.21
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3.4.3 Isotropic compression test
Test specimens were compressed isotropically to study their isotropic compression
behaviour. The tests were conducted using a high pressure triaxial test system in
which the confining pressure was controlled by a GDS Digital Pressure Controller,
Figure 3.12. The triaxial test setup is shown is Figure 3.13 (a). The size of test
specimens used herein was 50 mm × 100 mm and 100 mm × 200 mm. Before isotropic
compression, all specimens were subjected to a back pressure of at least 400 kPa for
saturation. Xiao (2009) reported that such a high value was required due to the high
stiffness of cement-treated specimens. The B-value was measured to be 0.95 or higher
in every test. The samples were isotropically compressed at a constant rate of 120 -
180 s / kPa. The compression rate was slow enough to enable dissipation of excess
pore pressure through the top cap. Side drainage and filter papers at both ends of
the specimen were used to accelerate the draining process. Pressure changes in the
cell and within the specimen were monitored using pressure transducers. Changes in
volume were measured using the automatic volume change apparatus shown in Figure
3.13 (b). At the end of the isotropic compression stage, the sample was unloaded at
the same rate as the loading stage. All the data was digitally recorded by a computer
system via a data logger (shown in Figure 3.14).
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Figure 3.12: GDS Standard Digital Pressure Controller. It is able to measure and
control fluid pressure and volume.
Figure 3.13: (a) Triaxial test system coupled with a GDS pressure controller to
operate at high pressure. (b) Automatic volume change apparatus.
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Figure 3.14: Computer system and data logger for the recording of data during the
experiment.
3.4.4 Triaxial compression test
Triaxial tests were used to analyse the strength and the stress-strain behaviour of
cement-treated clay specimens reinforced with and without fibres. The tests included
isotropic consolidated drained (CID) and undrained (CIU) tests, constant stress ratio
η test. The sizes of test specimens ranged from 50 mm × 100 mm to 150 mm × 300
mm. The specific dimensions will be given in Chapter 4. Side drains and filter papers
at both ends of the specimen were used to facilitate the drainage of pore water during
consolidation and in the drained tests. The high pressure triaxial test system, coupled
with GDS standard pressure controller (shown in Figure 3.13 (a) and 3.12 respectively)
were used to perform the drained and undrained tests while the constant stress ratio
test was carried out using a computer-controlled triaxial stress path apparatus shown
in Figure 3.15.
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Figure 3.15: Fully computer controlled triaxial stress path equipment.
The test procedures follow those in the Eurocode EN 1997-2:2010. Preliminary
studies have shown that strain rates of 0.009 mm/min and 0.02 mm/min were adequate
for drained tests and undrained tests respectively. Drained specimens have to be
sheared at a much slower rate than undrained ones so that pore pressure build-up
within the specimens is negligible. For tests carried out using the high pressure
triaxial system, the axial strains were measured by an external LVDT (linear variable
differential transformer) which was mounted onto the cell and volumetric strains using
the automatic volume change apparatus shown in Figure 3.13 (b). All the data was
digitally recorded by a computer system via a data logger.
For the constant stress ratio test, the ‘GDS Lab’ software was used to control
the q-p′ stress path during the test. After inputting the targeted stress values, the
GDS test system will track a linear stress path between the current and target values.
During the test, axial strains and volumetric strains were measured using an internal
LVDT within the ram motor and a back-pressure-volume controller respectively.
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3.4.5 Unconfined compression test (UCT)
The unconfined compression test is commonly used to assess the strength of soil
stabilized with cement (Consoli et al. 2010). In this study, the test was conducted
following the guidelines from Eurocode EN 1997-2:2010. The specimens were sheared
at a strain rate of 1.0 mm/min. Axial strains were measured using an external LVDT
mounted on the cell. The load and displacement readings were recorded by a data
logger.
3.4.6 Virtual infinite stiffness (VIS)
Jardine et al. (1984) noted that an accurate measurement of soil stiffness is
difficult to achieve in routine laboratory testing. The measurement of true soil
stiffness in triaxial tests, especially small strain stiffness, can be affected by "de-
flections which originate in the compliance errors of the loading system and load
measuring system" (Jardine et al., 1984). To eliminate errors induced by machine
compliance, a virtual infinite stiffness (VIS) loading frame with a capacity of 100
kN developed by GDS (http://www.gdsinstruments.com/gds-products/virtual-
infinite-stiffness-load-frames) was used to test samples between 100 mm and
150 mm in diameter. The underlying concept is that both the measurement and
control of platen displacement are automatically corrected so that they are equal to
any deformation that occurs between the load cell and the base platen. The main
components of the VIS triaxial equipment are shown in Figure 3.16. Apart from having
virtually infinite stiffness, the system also has the capacity to test triaxial specimens
with sizes up to 150 mm × 300 mm.
Although the current scope of study does not address the small strain behaviour of
fibre-reinforced cement-treated clay, the VIS system has proven to be useful as it does
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provide a ‘true reflection’ of the stress-strain behaviour of the material, in terms of
post-peak stress response. This is important in large cement-admixed soil specimens
with high cement content, wherein both the high cement content and the large specimen
size may increase the stiffness of the specimen to a level that is comparable to the ma-
chine stiffness of conventional loading systems. More details will be given in Section 3.5.
Figure 3.16: (a) Loading frame with virtual infinite stiffness. (b) The various
components of the system include 2 GDS advanced pressure controllers and 1 data
acquisition box to which the load cell, external LVDT and pore pressure transducer
are connected. It should be noted that the back pressure controller is also used to
track volumetric strain.
3.4.7 Remoulded test specimens
Remoulded fibre-reinforced cement-treated clay and unreinforced cement-treated
clay specimens were also tested as they represent intrinsic states for the material being
studied (Xiao & Lee 2014). The cement content of the remoulded specimens ranged
from 10% to 100% and the total water content from 100% to 150%. Only 50 mm ×
100 mm specimens were used herein. These were prepared following the procedure
Chapter 3. Experimental Methodology, Setup and
Validation 100
reported in section 3.3 and then cured for 7 days under atmospheric pressure in a water
tank. After the curing period, the samples were de-moulded before being oven-dried
for 24 hours. To remove all forms of structure within the material, the specimens were
crushed using a hammer and then ground to powder with a pestle. Unreinforced and
relatively stiffer specimens were further grinded using a coffee bean grinder (shown in
Figure 3.17 (a)).
The powder (Figure 3.17 (b)) was mixed with 130% water (by dry weight of powder)
for about 10 minutes and poured into the lubricated consolidation tubes shown in
Figure 3.17 (c). The tubes are specially perforated with 2 mm-diameter holes to allow
drainage of water during consolidation. Drainage of the excess water takes place both
vertically as well as radially. Consolidation was achieved by applying a dead load of
147 N (equivalent vertical stress of 75 kPa) to the material overnight. The complete
setup can be seen in Figure 3.18.
The consolidation tubes were coated internally with a thin layer of grease to reduce
friction during consolidation as well as de-moulding. Since the sides of the tubes
are perforated, there is a concern that the water being drained out might erode the
soil particles. Hence, the tubes were tightly wrapped with towels and secured with
plumbing tape. The above procedure followed closely the one adopted by Xiao (2009).
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Figure 3.17: (a) Coffee bean grinder used to grind unreinforced specimens with high
cement content (b) Mortar containing the ground powder (c) Perforated tubes used
for consolidating the remoulded specimens.
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Figure 3.18: Remoulded specimens being consolidated overnight under a vertical
stress of 75 kPa in the consolidation tubes. Drainage takes place both vertically and
radially via small openings in the tubes.
3.5 Effects of Specimen Size and Loading Frame
Stiffness on Test Results
This section explores the effect of size and experimental set-up of cylindrical
specimens to be used for constitutive modelling studies on fibre-reinforced cement-
treated clay. An overview is first given on size effect, followed by a review of previous
related works, with particular emphasis on fibre-induced size effects. The test results
obtained from this section are then discussed.
3.5.1 Definition of size effect
Baz˘ant (1999) defined size effect as a problem of scaling, which is fundamental to
all physical theories. This topic became popular among researchers in the 1970’s due
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to the growing problems regarding the construction of large concrete structures. It was
observed that there was a significant difference (about one order of magnitude at least)
between the scale of the laboratory tests on the materials and the structures being
built (for e.g. bridges, dams, nuclear reactors). In addition, since full-scale testing was
obviously not an option for such huge structures, this has prompted an in-depth study
into the scaling properties of materials. There are many types of size effect namely
statistical, deterministic, boundary layer, singularity and time-dependent but only
statistical size effect will be discussed here.
Based on numerous experiments on different lengths of rope, Mariotte (1686)
proposed a principle called ‘the inequality of matter whose absolute resistance is less
in one place than another.’ It essentially means that the larger a structure is, the
higher is the chance of coming across an element of very low strength. This constitutes
the underlying concept of statistical size effect. Griffith (1921) further added that ‘the
weakness of isotropic solids...is due to the presence of discontinuities and flaws...’ He
noted that pre-existing flaws were microscopic but their random distribution within
the material governed its macroscopic strength.
Pierce (1926) proposed the weakest-link model for a chain with the use of extreme
value statistics. This model suggests that the failure of a material is initiated by the
failure of a small element or a representative volume element (RVE). For a composite
material, Kanit et al. (2003) defined RVE as a volume of non-uniform material
that is large enough to effectively and statistically account for all microstructural
heterogeneities that are present in the composite. The RVE must be large enough
to be representative of the amount of composite micro-heterogeneities such as fibres,
voids and grains, but also small enough to be considered as an elemental volume in the
context of continuum mechanics. Sab (1992) showed that the response of a RVE must
also be independent of the types of boundary conditions prescribed on it. While the
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focus of this study is not on the determination of the size of a representative volume
element for fibre-reinforced cement-admixed clay, the concept is somewhat similar to
the objective of this section, which is to obtain a test specimen size which is large
enough to discount the size effect due to fibre inclusion.
3.5.2 Size effect in fibre-reinforced soil composites
Since the introduction of discrete elements such as fibres into a soil-cement contin-
uum may lead to changes in its representative volume element, it can also conceivably
give rise to size effects on the behaviour of the material as a whole. The underlying
notion of size effect is that the anchorage length of a single fibre interacts with a
volume of soil which lies within its influence zone. The size of this influence zone could
depend on a number of factors such as the interfacial properties between the fibre
and the matrix, shear strength of the matrix, properties of the fibre and interaction
with adjacent fibres. Hence, a minimum volume of the composite is required to give a
sufficiently accurate representation of the mean constitutive response of the material.
Ang & Loehr (2003) noted that if the specimen size is too small (and hence a small in-
fluence zone), the reinforcing mechanism due to the fibres might not be fully mobilised.
For unreinforced soil, several ASTM standards for testing the strength of soils (ASTM
D2850, ASTM D2166, ASTM D4767) require that the diameter of the test specimen
should be at least six to ten times the diameter of the largest particle within the
specimen. For triaxial testing, BS 1377-1990 requires the size of the largest particle not
to exceed one fifth of the specimen diameter; since much of the work herein relates to
triaxial or similar test conditions, this can be considered to be particularly significant.
Ang & Loehr (2003) proposed that such guidelines could, intuitively speaking, also
hold for fibre-reinforced specimens, with the size of the specimen being related to the
fibre dimensions.
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For fibre-reinforced composites such as fibre-reinforced concrete, there are also
existing guidelines on the relative dimensions of the test specimens and the fibres. For
example, ASTM standards such as ASTM C1609 and ASTM C1018 recommend that
the width and depth of the test specimens should be at least three times the maximum
fibre length and the nominal maximum size of the coarse aggregate in the concrete
mix. These ASTM standards also mentioned that stiff fibres longer than one third of
the width and depth might have a preferential alignment because they cannot be bent
during mixing and casting, affecting the results significantly. It is also mentioned that
experimental results from different size of beams may not be comparable due to size
effects.
Figure 3.19 shows how the physical motivation of the above guidelines may be
understood, at a heuristic level. A coarse-grained, well-proportioned soil particle, such
as a gravel, is a three-dimensional entity, the volume of which is determined by a
representative diameter. A thin fibre, on the other hand, is a one-dimensional entity
characterized geometrically by its length. As Figure 3.19 illustrates, in a worst-case
scenario, one may envisage the fibre to have an all-round, i.e. three-dimensional,
influence zone, the diameter of which is the same as the fibre-length. This is evidently
a worst-case assumption and can only occur if the stiffness and strength of a spherical
zone of soil enclosing the fibre is significantly affected by the fibre. As this is a rather
unlikely scenario, one may consider it to be a worst-case estimate of fibre-induced
size effect, and one would expect the actual size effect to be less significant than that
illustrated in Figure 3.19. Hence, there is a need to identify a suitable specimen size
that reflects the ‘true mass behaviour’ of fibre-reinforced soil composites.
Chapter 3. Experimental Methodology, Setup and
Validation 106
Figure 3.19: Illustration of: (a) coarse-grained soil particle as a three-dimensional
body (b) the worst case scenario in which a thin fibre is assumed to have a three
dimensional influence zone.
Tables 3.10 and 3.11 show the specimen-diameter-to fibre-length (D/l) ratios re-
ported by previous studies on fibre-reinforced soils and fibre-reinforced cement-treated
soils respectively. It can be observed that the majority of the studies lies in the D/l
ratio range of 1-10. However, very few studies have focused specifically on the issue of
size effect.
Table 3.10: Summary of specimen-diameter to fibre length ratio D/l for previous
studies on fibre-reinforced soils.




Maher & Ho (1992) 2.55 - 10.2 Alwahab & Al-Ourna(1995) 2.99 - 8
Buemo et al. (1996) 2.5 - 10 Ranjan et al. (1996) 1.01 - 2.53
Lima et al. (1996) 2.38 - 7.14 Nataraj & McManis(1996) 1.32 - 4
Kaniraj & Havanagi
(2001) 1.89 Ang & Loehr (2003) 0.76 - 2.1
Silva Dos Santos et al.
(2010) 1.58 - 2.08 Estabragh et al.(2012) 9.5
Li & Zornberg (2013) 1.42 - 3.04*
* The range in D/l ratio was due to the different types of fibres used.
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Table 3.11: Summary of specimen-diameter to fibre length ratio D/l for previous
studies on fibre-reinforced cement-admixed soil.






Consoli et al. (2003,
2009, 2010, 2011, 2012) 2.08





(2006) 5.64 - 33.87*
Tang et al. (2007) 3.26 Park (2009, 2010) 5.83
Uddin et al. (2011) 2.27 Fatahi et al. (2012) 5.43 - 10*
Xiao et al. (2014) 4.17 - 8.33 Liu & Starcher (2013) 2.67
Xiao et al. (2015) 8.33 - 25 Cristelo et al. (2015) 1.42 - 5.83
Correia et al. (2015) 5.83 Nguyen & Fatahi(2016) 2.78
* The range in D/l ratio was due to the different types of fibres used.
3.5.3 Some experimental studies on size effect
Research works on the size effect of soil-related materials remains rather scanty. A
study by Sakamoto & Takaharu (2003) on natural clay deposits reported that there
was no difference in the unconfined compressive strength of small specimens (diameter:
15 mm, height: 35 mm) and normal size specimens (diameter: 35 mm, height: 80
mm). Nataraj & McManis (1997) reported that unconfined compressive strength of
both unreinforced and fibre-reinforced clay seems to increase with increasing specimen
diameter (from 33 mm to 70 mm). However, the unconfined compressive strength of
100 mm-diameter specimens were marginally lower as compared to the 70 mm-diameter
specimens. Similar results have been observed by Alwahab & Al-Ourna (1995) who
studied the specimen size effect for both non-reinforced and fibre-reinforced silty
clay. They also reported that the unconfined compressive strength of specimens with
diameter larger than 50 mm was not affected by specimen size. Ang & Loehr (2003)
investigated the unconfined compressive strength of 4 different sizes of specimens
ranging from 38 mm to 152 mm-diameter and reported similar observations as Nataraj
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& McManis (1997). They further mentioned that for fibre lengths of less than 50
mm, specimens with diameter greater or equal to 70 mm seem to show be reasonably
representative of the unconfined compressive strength.
For other materials such as rock, cement mortar, ice, concrete (including fibre
reinforced concrete), the size effect of specimens has been studied by a number of
researchers (e.g. Gonnerman, 1925; Bazant, 1984, 1996; Mazars et al., 1990; Bazant &
Kwon, 1994; Bazant & Xiang, 1994; Bryars et al., 1994; Jamet et al., 1995; Bazant
et al., 1997; Jiang & Banthia, 2010; Majeed, 2011). For example, Gonnerman (1925)
has observed that the compressive strength of concrete specimens decreases with an
increase in specimen size. He attributed this effect to the reduction phenomenon which
is derived from the size effect law in fracture mechanics. For cement mortar specimens,
Majeed (2001) reported that the compressive strength and modulus of the mortar
generally decrease by increasing the size of the specimens. This was observed for both
cubic and cylindrical samples.
For fibre-reinforced concrete, Jamet et al. (1995) carried out three-point beam tests
on high strength concrete reinforced with 30 mm long hooked steel fibres and observed
that the load-versus-crack-mouth-opening-displacement (CMOD) curve changes from a
softening to a hardening behaviour (with increase in specimen size) after the first-crack
or first-peak. It was further noted that the toughness index as defined by ASTM
Standard C1018 is practically independent of specimen size. Similar observations
were made by Bryars et al. (1994) who used shorter fibres (6mm and 13 mm long).
Jamet et al. (1995) also observed that the maximum stress achieved during the test
dropped with increasing specimen size. The effect was more pronounced on less ductile
specimens. On the other hand, Balendran et al. (2002) reported that the toughness of
the beam specimens decreases with size. The authors conducted three-point bending
tests on normal weight concrete beam specimens reinforced with 1% of 15 mm-long
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straight steel fibres by volume. The specimen sizes were 50 mm × 100 mm × 200 mm,
100 mm × 100 mm × 400 mm and 200 mm × 100 mm × 800 mm in terms of height ×
width × span of the beam specimen. The different composition of the beam specimens
and/or the type of fibres might account for the contradicting observations made by
Jamet et al. (1995) and Bryars et al. (1994). The fact that the toughness index was
not measured at the same level of deflection might be another reason. As noted by
Gopalaratnam et al. (1991) and Gopalaratnam & Gettu (1994), the toughness index
is not very sensitive at small displacements.
To date, little or no experimental work specific to the size effect of fibre-reinforced
cement-treated soil has been published. However, as noted earlier, the diameter-fibre
length (D/l) ratios that were investigated are mostly within 1∼10. Moreover, no
recommendations were given on the specimen diameter-fibre length ratios that are
generally used to avoid size effect. In the current study, four different sizes of specimens
will be investigated. The notation used herein will be ‘diameter of the sample × height
of the sample’. The sizes are 50 mm × 100 mm, 70 mm × 140 mm, 100 mm × 200
mm and 150 mm × 300 mm. The length of the fibres is 6 mm so that the D/l ratios
ranges from 8.33 - 25. The specimens will be subjected to unconfined compression
tests, undrained and drained triaxial tests.
3.5.4 Test results
3.5.4.1 Behaviour under unconfined compression test
Tables 3.12 and 3.13 show the peak strength and strain-to-peak strength for the
specimens tested. Figures 3.20 to 3.28 present the unconfined compression test results
carried out on the four different sizes of specimens. Two mix ratios namely 2:1:3 and
2:1:4 have been tested and the specimens were cured for 7 days without any curing
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stresses (i.e. under atmospheric pressure). The fibres used are 6 mm-polypropylene
fibres and the volumetric fibre content used was 1.85%. As Figure 3.23 shows, for the
mix ratio of 2:1:4, there is no significant trend in the variation of the peak strength.
For the 2:1:3 mix ratio, there is a slight decrease in the peak strength of the 150
mm-diameter specimens compared to the other sizes. The drop in strength was
also observed by Nataraj & McManis (1997) for polypropylene fibre-reinforced clay
specimens, who noted the same variation in peak strength with increasing specimen
size. In all cases, the strength variation between specimens of different sizes is about
10%. This is similar to the typical variation between specimens of the same type
and size in geotechnical testing and is also supported by the variation in the 2:1:4 50
mm-diameter specimens. Hence, the size effect is unlikely to be of significant effect
on the peak strength. The influence of the specimen void ratio on the variation of
the peak strength is also unlikely due to the minimal difference in the void ratios for
specimens of different sizes for a given mix ratio; for all the specimen sizes investigated,
the void ratio is about 2.85 and 2.17 for the 2:1:4 and 2:1:3 mix ratio respectively.
Finally, the diameter-to-fibre-length ratios D/l, hereafter termed size ratio, for all
the specimens also conform to the minimum diameter-to-grain size ratios set out in
BS1377-1990 and the ASTM testing standards for soil testing, as well to the ASTM
guidelines for fibre-reinforced concrete.
On the other hand, as Figure 3.24 shows, for the 2:1:4 mix ratio, the strain required
to reach peak strength of the 70 mm-, 100 mm- and 150 mm-diameter specimens is
roughly 25% larger (considering average for a given size) than that of the 50 mm
specimens. The strain value also appears to stabilise around 3%, which is the average
of the 70 mm-, 100 mm- and 150 mm-diameter specimens. A similar trend is observed
for the 2:1:3 mix ratio, with the strain value stabilising at 2%. However, part of the
difference could have been due to the different types of loading frame used and different
specimen stiffness associated with the mix ratios.
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For the same compression machine, Figures 3.21 and 3.22 also indicate that the rate
of strain softening appears subjectively larger in the large specimens. In particular,
the rate of strain softening appears to increase significantly beyond the 70 mm × 140
mm specimens. In order to quantify the rate of softening, a parameter is needed. In
geotechnical engineering, the difference in post-peak softening is typically quantified
using a brittleness index which is the ratio of the peak strength to the post-peak
strength corresponding to a certain strain. However, as discussed in Chapter 2, one
disadvantage of the brittleness index is its sensitivity to the strain at which the
strength is measured; this being particularly so if the post-peak softening is erratic.
The ductility index DI (Equation (2.11)) proposed by Xiao et al. (2015) is therefore
adopted herein as it provides a better quantification of the post-peak strength portion







where pp is the post-peak strain at the level of interest, qp is the peak strength of the
fibre-reinforced cemented soil, p is the strain at peak strength and u = p + pp. As
Figures 3.25 and 3.26 show, for the 2:1:4 specimens tested with the same loading frame,
the ductility index appears to show a gradual decrease from the 50 mm-specimens to
the 150 mm-specimens. The order of the decrease is about 15% between the 50 mm-
and 150 mm-specimens, with the 70 mm- and 100 mm-specimens being roughly midway
between the two extremes. Hence, the decrease appears to be consistent in trend. The
same trend is also shown in Figure 3.25 for the 2:1:3 mix ratio. As mentioned earlier,
similar trends were observed by Balendran et al. (2002) who noted that the toughness
index of fibre-reinforced concrete specimens decreased with increasing specimen size.
However, examination of the 50 mm-2:1:4 specimens shows that the strength
also varies by a similar order of magnitude as the ductility index. This seems to
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suggest that, if there is any size effect, it may not be significantly larger than the
typical variation that exists between specimens of the same size. The greater apparent
ductility of the smaller specimens can be attributed to the ‘fibre-length’ effect. For
the same fibre length, smaller specimens will be reinforced over a larger proportion of
their dimensions. This additional degree of reinforcement will tend to moderate their
post-peak loss of strength. Hence, larger specimens will not benefit so significantly
from this ‘fibre-length’ effect.
The foregoing discussion shows that the peak strength is less sensitive to ’fibre-
length’ effect. If the sole objective is to measure peak strength, it would appear that 50
mm × 100 mm specimens are sufficiently large. However, the strain-to-peak strength
is much more sensitive and shows a more sustained trend with respect to the size ratio.
The ductility index also shows a consistent trend with respect to the size ratio but
the fractional change is not as large as that for the strain-to-peak (Figures 3.24 and
3.25). At present, the largest specimen which can be tested using the equipment in
the laboratory is the 150 mm × 300 mm specimen. However, such a specimen will
require almost 3.4 times the materials needed by the 100 mm × 200 mm specimens.
Since the main purpose of this study is to examine the constitutive behaviour of the
fibre-reinforced cement-admixed clay, this size effect study is merely a precursor to
determine a suitable size at which size effect can be kept to an insignificant level;
the current data shows that a specimen size of 100 mm × 200 mm is suitable for 6
mm-fibres if strain-to-peak and post-peak behaviour is to be studied. This translates
to a D/l ratio of approximately 16.6, which significantly exceeds the diameter-to-grain-
size ratio limits of 5 and 10 prescribed by BS1377 and the ASTM testing standards
respectively. This can be attributed to the fact that these standards only cover the
use of conventional unconfined compression and triaxial tests for the measurement of
peak strength, and not stress-strain behaviour or post-peak softening. If only the peak
strength is required, then the data suggest that 50 mm × 100 mm specimens would
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suffice.
In addition to the ‘fibre-length’ effect, different loading machines were also found
to have an effect on the test results. The 100 mm-diameter specimens from the
2:1:4 mix ratio were also tested using two different compression machines, i.e. a
standard/conventional compression machine and the GDS virtual infinite stiffness
(VIS) machine. The specimens which were sheared using the VIS machine were further
tested under different conditions of end restraint (smooth and rough). While the
smooth ends were simulated by applying grease to the pedestal and the top cap, porous
stones were used as rough ends. In both cases, the diameter of the top and bottom
platens was made larger than the diameter of the specimen, this being to prevent
punching failure of the specimen ends during shearing. As Figure 3.20 (b) shows, no
significant difference is observed between the smooth and rough interface.
However, the type of machine appears to have a significant influence on the strain-
to-peak strength and, to a lesser extent, the ductility index of the specimens. While
the peak strength registered by both types of machine does not differ much, specimens
tested using the VIS machine show a significantly higher strain-to-peak and ductility
index. The increase in the ductility index is discernible by comparing the 2:1:4 100
mm-specimens tested on both machines. This suggests that specimens tested using
the VIS machine show higher pre-peak as well as post-peak flexibility. Indeed, one
may subjectively surmise from the results that the difference arising from the two
machines is at least as significant, if not more so, than the size effect.
This is not surprising as the conventional machine has a finite machine stiffness
whereas the VIS machine emulates one which has an infinite stiffness. Compression
machines can be viewed as having an equivalent spring stiffness. The lower the machine
stiffness, the more strain energy it will store in its loading system during loading. Part
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of this stored energy is released upon softening of the specimen. The release of this
energy tends to accelerate the loss in post-peak strength of the sample. For soft and
small specimens, the specimen is typically much more compliant than the machine.
The larger the stiffness and size of the sample, the more energy is accumulated in
the system and hence the bigger is the loss in post-peak strength. This is confirmed
by the post-peak behaviour of the 150 mm × 300 mm specimen (from the 2:1:4 mix
ratio) which was also tested using the conventional compression machine. Hence, the
problem is likely to be particularly significant for larger specimens with higher cement
contents.
Post-test specimens for the 2:1:4 mix ratio are shown in Figures 3.27 (a) - (d). It is
worthy to note that a similar failure pattern is noted across all specimen sizes, i.e. there
is a general shear plane across the sample, with evidence of fibre pull-out across the
shear plane (Figure 3.27 (d)). A closer look at the sides of the post-sheared specimens
also revealed the presence of water droplets on the exterior of the specimen, which were
observed to be expelled during shearing. Similar observations on unreinforced cement-
treated clay were made by Chin (2006) and Xiao (2009) who termed this phenomenon
as ‘sweating’. An example is shown in Figure 3.28. Xiao (2009) attributed these water
droplets to the outward drainage of water arising from excess pore pressure during
unconfined compression. He also postulated that unconfined compression tests on
cement-treated soil are at partially to fully drained rather than undrained, owing
largely to the high stiffness of the specimens.
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Table 3.12: Summary of unconfined compression test results for specimens with mix






















































150 × 300 25 1 Conventional 569 569 2.7
Table 3.13: Summary of unconfined compression test results for specimens with mix







































100 × 200 16.67 1 VIS 1399 1401 1.9
2 1402 2.1
150 × 300 25 1 VIS 1246 1246 2.1
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Table 3.14: Summary of ductility index for unconfined compression test specimens
































2 0.94 0.91 -
3 0.85 0.78 -
4 0.93 - -







2 0.95 0.93 0.88
3 0.90 0.88 0.84
100 × 200 1 0.75 0.81 0.68
0.74
0.61
2 0.86 0.80 -








2 0.71 0.65 -







2 0.88 0.84 0.80
3 0.84 0.81 0.75
Table 3.15: Summary of ductility index for unconfined compression test specimens


























2:1:4 100 × 200 1 0.93 0.92 0.90 0.88 0.85
2 0.90 0.86 0.81
2:1:3





2 0.71 0.68 0.63
150 × 300 1 0.81 0.81 0.68 0.68 -
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Figure 3.20: Unconfined compression test results for the 2:1:4 mix ratio cured under
atmospheric pressure for 7 days (a) 50 mm × 100 mm specimens (b) 100 mm × 200
mm specimens
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Figure 3.21: Unconfined compression test results for the 2:1:4 mix ratio cured under
atmospheric pressure for 7 days specimens that were tested on the conventional load
frame.
Figure 3.22: Unconfined compression test results for the 2:1:3 mix ratio specimens
cured under atmospheric pressure for 7 day (all specimen sizes).
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Figure 3.23: Combined unconfined compression test results for the 2:1:3 and 2:1:4
mix ratio cured under atmospheric pressure for 7 days. Plot of unconfined compression
strength against size ratio D/l.
Figure 3.24: Combined unconfined compression test results showing plot of strain-
to-peak stress against size ratio D/l for the (a) 2:1:4 and (b) 2:1:3 mix ratio cured
under atmospheric pressure for 7 days.
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Figure 3.25: Ductility Index for the 2:1:3 and 2:1:4 mix ratio cured under atmospheric
pressure for 7 days at pp= 5%.
Figure 3.26: Ductility Index for the 2:1:4 mix ratio cured under atmospheric pressure
for 7 days at pp= 7%.
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Figure 3.27: Post-shearing unconfined compression test specimens for the 2:1:4 mix
ratio cured 7 days under atmospheric pressure: (a) 50 × 100 mm specimens (b) 100 ×
200 mm specimen with rough ends (c) 100 × 200 mm specimen with smooth ends (d)
Fibres protruding out of the shear plane.
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Figure 3.28: Evidence of ‘sweating’ on a post-sheared 70 × 140 mm unconfined
compression test specimens for 2:1:4 mix ratio cured for 7 days under atmospheric
pressure.
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3.5.4.2 Behaviour under triaxial compression
Figures 3.29 and 3.30 show the drained and undrained triaxial tests deviator
stress-strain plots respectively for the three different sizes of specimens, with a fibre
content of 1.85% by volume. The results are also tabulated in Table 3.16 - 3.18. The
pore pressure response and the volumetric change plots can be found in Figure A.1
and A.2 in the Appendix. The mix ratio tested was 2:1:3 and the specimens were
cured for 7 days without any curing stresses (i.e. under atmospheric pressure). The
samples were consolidated isotropically at an effective confining stress of 110 kPa
prior to shearing. The 50 mm-diameter specimens were tested on the conventional
machines whereas the 100 mm- and 200 mm-specimens were tested on the virtual
infinite stiffness machine. Since the effect of the machine type on the peak strength
was found to be negligible in the previous section, the peak stress from all specimen
sizes were plotted on the same graph in Figure 3.31 for the drained and undrained
triaxial tests. For both types of tests, the peak strength seems to increase as the
specimen diameter increases from 50 mm to 100 mm. Further increase in specimen
size to 150 mm-diameter produces a drop in peak strength. This is most significant in
the drained tests, where the variation is about 15%. A similar trend appears to be
present in the unconfined compression test specimens albeit the variation is smaller.
As noted by Ang & Loehr (2003), if the specimen sizes are too small, they might not
allow the reinforcing action due to the fibres to be fully mobilised; this, if present,
would constitute a ‘reversed’ size effect. On the other hand, a larger specimen like the
150 mm-diameter one, has a higher probability of containing weaknesses which might
induce pre-mature failure. Notwithstanding, the difference in peak strength between
the 50 mm- and 150 mm-specimens is very small, indeed almost non-existent. Hence,
a clear and persistent trend cannot be discerned in the effect of size ratio on peak
strength.
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The strain-to-peak-strength shows a similar trend as that for the unconfined
compression tests, with the strain-to-peak increasing with size ratio (shown in Figure
3.32) but with a relatively greater increment. The reason for this is unclear. However,
as the number of specimens tested is small, specimen-to-specimen variation cannot be
ruled out entirely. The strain-softening behaviour of the different specimen sizes could
not be directly compared to each other due to the different types of load frames that
were used. However, the ductility index does not show any significant change across the
three sizes of specimen. This appears to be different from the slight decrease observed
in the unconfined compressive strength and may be attributable to the difference in
the test boundary conditions. In the unconfined compression test, the sides of the
specimens are not subjected to pressure. This may lead to a state of zero or negative
effective stress in the lateral direction and some amount of vertical or sub-vertical
cracking may occur. On the other hand, triaxial test specimens are subjected to
all-round confining pressure. This counteracts the tendency of the specimens to crack.
Hence, triaxial specimens are, in general, more stable than unconfined compression
specimens. They are also considered to be more representative of field conditions
wherein the improved soil mass is subjected to confining stresses from the surrounding
soil. Probably because of the same reason, the small specimens from the drained tests
appear to be more ductile than their unconfined compression test counterparts for the
2:1:3 mix ratio, as shown by the comparison of Figures 3.25, 3.26 and 3.33.
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Table 3.16: Summary of drained and undrained triaxial test results for specimens































100 × 200 16.67 1 VIS 1926 1934 4.3
2 1944 4.3
150 × 300 25 1 VIS 1669 1669 4.6
2:1:3 CIU








100 × 200 16.67 1 VIS 1427 1396 1.5
2 1365 1.8
150 × 300 25 1 VIS 1239 1239 2.3
Table 3.17: Summary of ductility index for drained and undrained triaxial test

































2 0.92 0.88 -
3 0.94 0.89 0.82






2 0.88 0.87 -
3 0.91 0.91 0.90
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Table 3.18: Summary of ductility index for drained and undrained triaxial test
specimens cured under atmospheric pressure for 7 days, loaded using the virtual



























100 × 200 1 0.93 0.91 - 0.81 -
2 0.88 0.81 0.71
150 × 300 1 0.94 0.94 - - -
CIU
100 × 200 1 0.80 0.82 0.75 0.79 -
2 0.83 0.82 0.79
150 × 300 1 0.85 0.85 0.87 0.87 0.86
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Figure 3.29: Drained triaxial test (effective confining pressure of 110 kPa) results
for the 2:1:3 mix ratio cured under atmospheric pressure for 7 days: (a) 50 mm × 100
mm specimens tested on the conventional load frame (b) specimens tested on the VIS
load frame.
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Figure 3.30: Undrained triaxial test (effective confining pressure of 110 kPa) results
for the 2:1:3 mix ratio cured under atmospheric pressure for 7 days: (a) 50 mm ×
100 mm specimens tested on the conventional load frame (b) specimens tested on the
virtual infinite stiffness load frame.
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Figure 3.31: Combined results for the CID110 and CIU110 test on 2:1:3 mix ratio
cured under atmospheric pressure for 7days. Plot of peak deviator stress against size
ratio D/l.
Figure 3.32: Combined results for the CID110 and CIU110 test on 2:1:3 mix ratio
cured under atmospheric pressure for 7days. Plot of strain-to-peak stress against size
ratio D/l.
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Figure 3.33: Ductility Index for the CID110 and CIU110 test on 2:1:3 mix ratio
cured under atmospheric pressure for 7 days: (a) pp= 5% (b) pp= 7%.
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3.5.5 Summary of preliminary findings
In qualitative terms, the trends indicated by the results of the unconfined compres-
sive tests, undrained and drained triaxial tests are consistent; these can be summarised
as follows:
(a) In terms of peak strength, a clear and persistent trend cannot be discerned from the
results although the peak strength appears to be higher for the 100 mm-diameter
specimens than the other sizes of specimens. However, the range of the variation
is about 10% and is similar to that of specimen-to-specimen variation for the same
specimen size. In terms of geotechnical testing, this magnitude of variation is not
considered to be significant.The minimal variation in the peak strength is expected
because the investigated size ratios conform with the minimum diameter-to-grain
size ratios recommended by BS1377-1990 and the ASTM testing standards for soil
testing, as well to the ASTM guidelines for fibre-reinforced concrete.
(b) Size effect is more clearly manifested in the strain-to-peak-strength where there
is a consistent increase in strain-to-peak with size ratio. The ductility index also
appears to decrease consistently with size ratio, indicating a consistent size effect
trend. However, the magnitude of the variation is not as large as that for the
strain-to-peak and is more stable under confined conditions.
(c) The stiffness of the compression frame was found to have an effect which is at least
similar in magnitude, if not larger, than the size effect investigated. The stiffer
VIS machine consistently returns a higher strain-to-peak and ductility index than
the more compliant conventional loading frame.
(d) The effect of confining stress on the fibre-reinforced cement-treated clay specimens
seemed to moderate the influence of size effect, especially on the ductility index.
Although the confining pressure used was merely 110 kPa, the latter allowed the
triaxial test specimens to have a more stable behaviour than their unconfined
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compression test counterparts.
The focus of this whole study is to map the yield locus and post-yield behaviour of
fibre-reinforced cement-treated soil, with the intent of developing a constitutive model
for this material. To achieve this, a substantial number of specimens will need to be
tested. This cannot be practically achieved with the 150 mm × 300 mm specimens.
The preliminary study in this chapter shows that a specimen size of 50 mm × 100 mm
was sufficient for the determination of peak strength and that a 100 mm × 200 mm
specimen would ideally confer a better control of size effect in terms of strain-to-peak
stress. Some amount of size effect may still be present but as the data presented
above indicates, compared to the 150 mm × 300 mm specimens, the size effect would
probably lead to an error in the strain-to-peak of about 10% maximum (this being
reached in the drained triaxial tests). This is considered to be acceptable taking into
account the variability in natural soils. Regarding the ductility index, the influence of
size effect can be kept to a minimum depending on the test boundary conditions: in
an unconfined compression test, a specimen of at least 100 mm × 200 mm is required,
whereas for a triaxial test, the presence of confining pressure allows a smaller specimen
to be used. The next chapter will present a parametric study on how polypropylene
fibres affect the mechanical properties of cement-treated clay.
Chapter 4
Effect of Fibres on the Behaviour of
Cement-Admixed Clay in Unconfined
Compression Tests
This chapter presents the results of a study on the influence of short polypropylene
fibres on the mechanical properties of fibre-reinforced cement-admixed clay in uncon-
fined compression tests. The specimen size used was 50 mm × 100 mm. The main
parameters which were investigated are as follows:
(a) Peak strength in unconfined compressive tests (UCTs). As discussed in the previous
chapter, the unconfined compressive strength of 50 mm × 100 mm specimens is
not really susceptible to fibre size effects.
(b) Post-peak ductility in unconfined compression tests. Post-peak softening is often
not captured accurately in unconfined compression tests. In addition, the small
specimen size means that the size effect due to fibres cannot be completely
eliminated. As such, this study is restricted to a comparison of the ductility
between specimens with fibres and no fibres. No quantitative characterisation on
the post-peak ductility is conducted.
The tests were conducted on a standard load frame, at a loading rate of 1 mm/min as
mentioned in Chapter 3. The parameters which are varied include volumetric fibre
content f , total water content Cw, cement content Aw and curing period. No external
133
Chapter 4. Effect of Fibres on the Behaviour of
Cement-Admixed Clay in Unconfined Compression Tests 134
stresses were applied during the curing phase.
4.1 Unconfined Compression tests
4.1.1 Fibre content effect
Figures 4.1 and 4.2 show the effect of increasing fibre content on the unconfined
compressive strength of cement-admixed clay specimens. Two mix ratios, namely 2:1:3
and 2:1:4, were tested and the specimens were cured for 7 days without any curing
stresses. The volumetric fibre contents f investigated were 0%, 0.76%, 1.85% and
2.30% by total volume of water, cement and dry soil. As Figures 4.1 and 4.2 show,
the results are generally consistent and indicate that there is a significant difference
in peak strength for the specimens with no fibre and those with a low fibre content
of 0.76%. On the other hand, further addition of fibres above 0.76% seems to have
little influence on the unconfined compressive strength. This agrees well with the
findings of Nguyen & Fatahi (2016) and Jiang et al. (2010) who mentioned that the
contribution of fibres to the peak strength decreases with increase in fibre content.
Mindess et al. (2003) also noted that, for concrete, the role of fibres is not to increase
strength, though slight increases can sometimes occur. Instead, the main role of fibres
is to bridge the cracks and to enhance the post-cracking ductility.
Table 4.2 summarises the ductility index of the specimens at different levels of
post-peak strains. As shown in Figure 4.3, the ductility index generally increases
with fibre content. It is also noted that the ductility index increases significantly
from 0% to 0.76% fibre content. The ductility index for a fibre content of 0% was
calculated by assuming zero strength at the end of each test until 5% axial strain.
The consistency of the trend indicates that, notwithstanding the small specimen
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size and the absence of confining pressure on the specimen, the effect of fibres in
moderating the post-peak softening rate is significant and increases with fibre content.
Park (2010) noted that the increase in fibre content in fibre-reinforced cemented sand
produced similar effects as an increase in the confining pressure in non-reinforced
cemented sand. This is to be expected as a higher fibre content translates to a greater
contribution of the fibres towards crack bridging. As shown in Table 4.1, the axial
strain at peak strength is small and seems to be largely insensitive to increasing fibre
content. This is different from Park (2011)’s observation that the axial strain at peak
strength increases with fibre content. The explanation may lie in the different type of
fibre and much lower cement content (2 - 6% by dry weight of soil) used by Park (2011).
Table 4.1: Summary of unconfined compression test results for specimens cured
under atmospheric pressure for 7 days (Fibre content f = 0.76%, 1.85%, 2.30%).







































2 1155 1.0 2 510 1.2







2 1308 1.1 2 659 1.5







2 1387 1.3 2 622 1.8







2 1326 1.5 2 714 3.4
3 1242 1.5 3 702 1.5
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Table 4.2: Summary of ductility index of unconfined compression test specimens for
2:1:3 and 2:1:4 mix ratio, cured under atmospheric pressure for 7 days (Fibre content
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-2 0.74 0.69 -







0.792 0.84 0.79 0.72







0.802 0.92 0.87 0.76
3 0.90 0.86 0.77
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Figure 4.1: Unconfined compression test results for specimens with mix ratio 2:1:3,
cured under atmospheric pressure for 7 days. (Fibre content f = 0.76%, 1.55%, 2.30%).
Figure 4.2: Unconfined compression test results for specimens with mix ratio 2:1:4,
cured under atmospheric pressure for 7 days. (Fibre content f = 0.76%, 1.55%, 2.30%).
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Figure 4.3: Plot of Ductility Index at (a) pp= 5% (b) pp= 7% against fibre content
for unconfined compression test specimens with 2:1:3 and 2:1:4 mix ratio, cured under
atmospheric pressure for 7 days.
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4.1.2 Cement content effect
Figures 4.4 - 4.6 show the effect of increasing cement content on the unconfined
compression strength of cement-admixed clay specimens for fibre contents of 0.76% and
2.30%, while the total water content was fixed at 100%. The specimens were cured for
7 days without any curing stresses. As Figure 4.5 shows, the unconfined compressive
strength increases roughly linearly with cement content for all fibre contents. This was
also observed by Consoli et al. (2010) who conducted unconfined compression tests
on fibre-reinforced cement-treated sand, with cement content varying between 1 and
7% (by dry weight of soil) and a fibre content of 0.5% by the dry weight of soil and
cement. Chen et al. (2015) reported a similar trend for cement-stabilised Shanghai
clay reinforced with 1.5% of 6 mm-long polypropylene fibres by weight of water and
dry soil, with a range of cement content between 2% to 8%.
The effect of cement content on the ductility index is shown in Table 4.3 and Figure
4.6. Both fibre contents show a decrease in ductility index as the cement content
increases. This implies that, in order to maintain a given level of ductility, the fibre
content will need to be increased as the cement content increases. For a fibre content
of 0.76%, an approximate linear decrease in the ductility index (corresponding to 5%
post-peak strain) with cement content is observed. For a fibre content of 2.30%, a
decrease in the ductility index is also observed but the rate of decrease is smaller.
Consoli et al. (2009) also reported a reduction in fibre effectiveness with increasing
cement content. In fact, fibre effectiveness in brittle cementitious matrix is governed
by two factors: the load-transfer mechanism from the matrix to the fibres and the
crack-bridging effect, occurring at later stages of loading (Bentur & Mindess, 2005).
These two factors are influenced by the initiation of fibre-matrix de-bonding. Bentur
& Mindess (2005) mentioned that if the tensile strength of the cementitious matrix
is high, de-bonding is expected to occur before matrix cracking, leading to either a
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complete loss of bond and catastrophic failure of the composite, or fibre slippage in
the de-bonded zone. This helps to explain why specimens with higher cement content
seem to exhibit lower levels of ductility, especially at low fibre content.
The influence of the stiffness of the conventional loading frame might also have
led to a larger apparent rate of post-peak softening than is actually so; this problem
has already been discussed in Chapter 3. The resulting underestimation in ductility
index may be more significant for specimens with higher cement contents since these
are also stiffer and therefore more sensitive to the machine compliance. As shown in
Figure 4.6, this effect is again more prominent for a fibre content of 0.76%. As for a
fibre content of 2.30%, the amount of fibres was large enough to control the rate of
post-peak softening so that the DI value did not drop significantly. However, since
the specimen size is relatively small, a significant improvement in the ductility index
is unlikely, even with the use of a much stiffer loading system.
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Table 4.3: Summary of ductility index of unconfined compression test specimens
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2 0.96 0.95 0.92
3 0.92 0.88 0.82







0.802 0.88 0.86 0.83
3 0.88 0.84 0.78
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Figure 4.4: Unconfined compression test results for specimens with increasing cement
content, cured under atmospheric pressure for 7 days. (a) Fibre content f = 0.76%
(b) f = 2.30%.
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Figure 4.5: Plot of unconfined compression strength against cement content for
specimens cured under atmospheric pressure for 7 days. (Fibre content f = 0.76%,
2.30%).
Figure 4.6: Plot of Ductility Index at pp= 5% ,7% against cement content for
unconfined compression test specimens cured under atmospheric pressure for 7 days.
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4.1.3 Effect of total water content
Figures 4.7 - 4.9 show the effect of increasing the total water content on the
unconfined compressive strength of cement-admixed clay specimens for two different
fibre contents (0.76% and 2.30%). The cement content was fixed at 100% while the
total water content ranged from 100% to 150%. The specimens were cured for 7 days
without any curing stresses. As shown in Figure 4.8, the unconfined compressive
strength decreases rapidly with increasing total water content. A higher water content
leads to an increase in the porosity of the cementitious matrix, which results in a
drop in the unconfined compressive strength. The effect of porosity on the unconfined
compressive strength of fibre-reinforced cement-treated soil was studied by Consoli et
al. (2010, 2011, 2013) and they reported similar observations.
On the other hand, it is observed that the ductility index increases slightly (con-
sidering the average) with the decrease of total water content from 150% to 125%.
This could be due to the lower porosity of the matrix, which increases the interaction
between the fibres and the cementitious particles. Further decrease of the water content
decreases the ductility index. (as shown in Table 4.4 and Figure 4.9). Since the water
content of the mixture influences its porosity, it also affects the overall stiffness of the
specimens. Taken together with the observation in the previous section, the consistent
trend which can be discerned is that the ductility index decreases as the peak strength
increases. In other words, for a given fibre content, there seems to exist a trade-off
between strength and ductility. This implies that specimens with high peak strength
would require higher fibre content to maintain a comparable level of ductility.
Chapter 4. Effect of Fibres on the Behaviour of
Cement-Admixed Clay in Unconfined Compression Tests 145
Figure 4.7: Unconfined compression test results for specimens with increasing total
water content, cured under atmospheric pressure for 7 days. (a) Fibre content f =
0.76% (b) f = 2.30%.
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Table 4.4: Summary of ductility index of unconfined compression test specimens
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0.532 0.61 0.52 0.42








0.802 0.88 0.86 0.83








2 0.97 0.95 0.91
3 0.97 0.95 0.92







0.872 0.88 0.85 0.80
3 0.94 0.91 0.87
4 0.97 0.96 0.93
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Figure 4.8: Plot of unconfined compressive strength against total water content for
specimens cured under atmospheric pressure for 7 days. (Fibre content f = 0.76%,
2.30%)
Figure 4.9: Plot of Ductility Index at pp= 5% ,7% against total water content for
unconfined compressive test specimens cured under atmospheric pressure for 7 days.
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4.1.4 Curing period effect
Figures 4.10 - 4.14 show the effect of curing time on the unconfined compressive
strength of cement-admixed clay specimens for two different fibre contents (0.76%
and 2.30%). Two mix ratios were investigated namely, 2:1:3 and 2:1:4. The curing
time was varied from 7 to 90 days and curing was carried out under atmospheric
pressure. As shown in Figure 4.12, the unconfined compressive strength generally
increases with curing time, with the rate of increase in strength decreasing with curing
time. A similar trend was reported by Liu & Starcher (2013) who experimented with
curing periods of up to 120 days. Xiao et al. (2014) also reported a similar trend for
unreinforced cement-treated clay, and fitted a hyperbolic curve for the curing period
effect.
This hyperbolic trend can be explained by the hydration of the cement particles with
water as well as the pozzolanic reaction between the primary hydration products and the
clay particles. While the hydration reaction dominates the strength development during
the early curing days, the pozzolanic reaction takes place at a slower but more sustained
rate as the Ca++ ions slowly diffuse within the cement-clay matrix. As reported by
Kamruzzaman et al. (2009) for unreinforced cement-treated clay, the pozzolanic
reaction is significant up to a curing period of 1 year, resulting in a substantial
improvement in unconfined compressive strength as compared to conventional 28-day
strength. Figure 4.12 also shows that the gain in unconfined compressive strength
from 7 to 28 days is greater for the 2:1:3 than the 2:1:4 mix ratio. This could probably
be attributed to the lower water-cement ratio of the 2:1:3 mix ratio.
Chapter 4. Effect of Fibres on the Behaviour of
Cement-Admixed Clay in Unconfined Compression Tests 149
Figure 4.10: Unconfined compression test results for specimens with increasing
curing time for 2:1:3 mix ratio, cured under atmospheric pressure. (a) Fibre content f
= 0.76% (b) f = 2.30%.
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Figure 4.11: Unconfined compression test results for specimens with increasing
curing time for 2:1:4 mix ratio, cured under atmospheric pressure. (a) Fibre content f
= 0.76% (b) f = 2.30%.
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Figure 4.12: Plot of unconfined compressive strength against curing time for 2:1:3
and 2:1:4 mix ratio, cured under atmospheric pressure (Fibre content f = 0.76%,
2.30%).
On the other hand, the ductility index seems to decrease at a slow rate with curing
time for the 2:1:3 mix ratio (shown in Figure 4.13 and Table 4.5). This trend was also
observed by Liu & Starcher (2013). They further mentioned that the soil-cement mix
stiffens with time, requiring a much smaller strain to reach its peak stress and the
post-peak degradation becomes more important. In fact, more hydration products
are formed with curing time so that the soil-cement matrix undergoes densification.
As a result, the specimens become stiffer with time. A similar effect is produced by
increasing the cement content of the mixture. The possible reasons for the decrease in
the ductility index have already been discussed in section 4.1.2. For the 2:1:4 specimens
(shown in Figure 4.14 and Table 4.6) no decrease in ductility index was detected over
the range of curing period studied. This effect is more pronounced at a fibre content
of 0.76%. One possible reason is the higher modulus of the 2:1:3 specimens compared
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to the 2:1:4 specimens. The small strain shear modulus of cement-admixed marine
clay for 2:1:3 mix ratio is about 522 MPa whereas that of 2:1:4 mix ratio is about 216
MPa (Yao, 2016). The higher modulus of the 2:1:3 specimens will enable it to mobilize
the strength of the treated soil matrix at a smaller strain than the 2:1:4 specimens. As
the curing period increases, the modulus of the treated specimens will increase with
increased strength. For the stiffer specimens, loss of structure is likely to initiate before
the fibres can pick significant load and this will be manifested as a loss of ductility index.
Table 4.5: Summary of ductility index of unconfined compression test specimens for
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Table 4.6: Summary of ductility index of unconfined compression test specimens for
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Figure 4.13: Plot of Ductility Index at pp= 5%,7% against curing time for unconfined
compression test specimens with mix ratio 2:1:3, cured under atmospheric pressure.
Figure 4.14: Plot of Ductility Index at pp= 5%,7% against curing time for unconfined
compression test specimens with mix ratio 2:1:4, cured under atmospheric pressure.
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4.1.5 Correlation of unconfined compression strength to mix
ratios
For unreinforced cement-admixed clay, Lee et al. (2005) proposed that the uncon-
fined compressive strength qu of the specimens can be related to the water-to-cement





where q0, m and n are experimentally fitted parameters. Equation 4.1 implies that
for a constant water-cement ratio, the unconfined compressive strength increases with
increasing soil-cement ratio. Lee et al. (2005) attributed this effect to the reaction
between marine clay and cement, whereby the release of Ca2+ ions from the cement
hydration reaction causes the microstructure of the soil-cement mixture to flocculate.
A low soil-cement ratio has a higher void ratio, allowing the flocculation process to
produce a more porous structure. This results in an overall lower strength of the
material.
Lee et al. (2005) further proposed that m = 0.62, n = 3 and q0 = 4000 kN/m2
for 7-day curing and 6000 kN/m2 for 28-day curing. Xiao et al. (2014) also proposed
a generalized version of Equation 4.1 but with q0 of 13,000kPa, m = 0.28 and n =
2.93. Xiao et al. (2014) attributed the difference in parameters to the difference in the
properties of the in-situ clay. In Lee et al. (2005)’s study, the marine clay used had a
plasticity index of 59%. On the other hand, the clay used by Xiao et al. (2014) had a
much lower plasticity index of 50%. The clay used in this study has an even lower
plasticity index of 43%. For the current study on fibre-reinforced cement-admixed clay
specimens with 7-day curing, Equation 4.1 with parameters m = 0.53, n = 2.76 and
q0 = 9750 kN/m2 was found to fit the experimental data reasonably well as shown
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by Figure 4.15. It should be noted that the unconfined compressive strength data in
Figure 4.15 includes all fibre contents since their effect on the peak strength was found
to be insignificant.
Figure 4.15: Plot of unconfined compressive strength data against water-to-cement
ratio for specimens cured under atmospheric pressure for 7 days (f=0.76, 1.85, 2.30%).
4.2 Discussion
As mentioned in sectioned 4.1.3, there is a trade-off between the unconfined com-
pressive strength and the ductility index of fibre-reinforced cement-treated clay. This
strength-to-ductility trade-off is a long-established dilemma in material engineering.
A similar trend is observed for fibre-reinforced cement-treated clay in Figure 4.16
whereby the unconfined compressive strength of all specimens was plotted against their
respective ductility index at a post-peak strain pp of 5%. For a given fibre content, the
ductility appears to increase with decreasing peak deviator stress, this behaviour being
more obvious for a fibre content of 0.76%. To maintain the same amount of ductility,
specimens with relatively higher peak strength would thus have to contain a greater
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volume of fibre reinforcement. However, there is a practical limit to the maximum
fibre content that can be used for mixing purposes before significantly reducing the
workability of the mixture. In the current study, an upper limit of 2.30% was used as
fibre content and the mix became almost unworkable when mix ratios with a total
water content of 100% - such as 2:1:3 and 4:3:7 - were prepared.
Figure 4.16: Plot of peak deviator stress against Ductility Index at pp= 5% for all
unconfined compression test specimens that were tested in this chapter (Fibre content
f = 0.76%, 2.30%).
From the parametric studies in this chapter, it can also be observed that the
variation of unconfined compressive strength of fibre-reinforced cement-treated clay
with cement content, total water content and curing period resembles closely that of
unreinforced cement-treated clay which was reported in studies by Xiao et al. (2014)
and Lee et al. (2005). The above experimental results, when compared with literature
on unreinforced cement-treated soil, suggest that the cementitious matrix phase of
fibre-reinforced cement-treated clay still controls the pre-peak unconfined compressive
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behaviour of the material and that the effect of the fibres is more prominent in the
post-peak regime, where the test specimen undergoes larger deformation. As mentioned
by Consoli et al. (2009), one of the factors which influences the effectiveness of fibre
reinforcement is the degree of deformation of the surrounding matrix.
4.3 Summary of Findings
In this parametric study, the cement content Aw, total water content Cw, fibre content
f and the curing time of fibre-reinforced cement-treated clay were varied so as to
study the trend in unconfined compressive strength and ductility of the specimens.
The main findings can be summarised as follows:
(a) The inclusion of fibres in the cement-clay matrix increases the unconfined com-
pressive strength of the mix, with an increase of about 10% for the 2:1:3 mix ratio
and 30% for the 2:1:4 mix ratio. Further increase in the fibre content does not
seem to affect the peak stress. Furthermore, the ductility index generally increases
with fibre content.
(b) For a fixed water content and curing time, the unconfined compressive strength
increases linearly with cement content. The decrease in the ductility index is
approximately linear with the increasing cement content, with the decrement being
smaller for a higher fibre content.
(c) For a fixed cement content and curing time, the unconfined compressive strength
shows a decreasing trend with increasing total water content. Mix ratios with higher
water contents have a higher porosity, and hence lower unconfined compressive
strength as compared to their counterparts with lower water content. The ductility
index also increases with total water content.
(d) For a fixed cement content and total water content, the increase of unconfined
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compressive strength with curing time shows a hyperbolic trend. As hydration
reaction progresses with curing time, the soil-cement matrix becomes denser, a
similar effect produced by increasing the cement content. The effect of curing time
on the ductility index was found to be dependent on the mix ratio.
(e) The unconfined compressive strength of reinforced cement-treated clay from the
current study and unreinforced cement-admixed clay (e.g. Lee et al., 2005; Xiao
et al., 2014) were found to follow similar trends, suggesting that the soil-cement
matrix phase plays a major role in the pre-peak unconfined compressive behaviour
of the fibre-reinforced cement-treated clay.
(f) As already mentioned in the previous chapter, the stiffness of the loading frame
indeed affects the softening behaviour of the specimens, the effect being more
pronounced at higher specimen stiffness. It should also be mentioned that since all
the tests were carried out using the 50 mm-diameter specimens on a conventional
compression machine, the reported ductility index might not reflect the ‘true’
softening behaviour of the material, but it does indicate some sort of trend.
As a result of the parametric study which was carried out in this chapter, it was decided
that a volumetric fibre content of 1.85% will be adopted for the subsequent parts of
this study. While a fibre content of 0.76% provided insufficient reinforcement as shown
by the unconfined compression test results, the workability of the mixture reduced
significantly when a fibre content of 2.30% was used. Consequently, a mid-range fibre
volume of 1.85% was chosen in the intent of having an enhanced ductility without
significantly compromising the workability of the mixture during sample preparation.
In the next chapter, the strength of fibre-reinforced cement-treated clay specimens
under confining stresses will be investigated, focusing on the yielding characteristics.
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Chapter 5
Yielding Behaviour of Fibre-Reinforced
Cement-Treated Clay
In this chapter, the yielding behaviour, including the yield surface of fibre-reinforced
cement-treated clay is investigated. The chapter starts by introducing the yielding
definitions that were adopted in the current study, after which an attempt was made
at mapping the yield locus of this material using the proposed definitions. Next, a
parametric study was conducted on the factors affecting the shape and size of the
yield surface for non-pre-yielded and pre-yielded specimens, and finally a comparison
was made against the yield surface obtained by Xiao et al. (2014) for unreinforced
cement-treated clay.
This chapter is divided into three main sections namely:
• Yielding under isotropic stresses.
• Yielding under deviatoric stress in general triaxial stress conditions, at consoli-
dation pressures below the isotropic yield stress.
• Yielding under deviatoric stress in general triaxial stress conditions, at consoli-
dation pressures above the isotropic yield stress.
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5.1 Defintion of Yielding
Yielding behaviour in remoulded clayey soils has been widely investigated and a
detailed discussion about the concepts of yielding in soft clays can be found in Roscoe &
Schofield (1963). Theoretically, the yield point or yield locus of a material characterises
the onset of the plastic regime, beyond which the material incurs irrecoverable strain.
However, experimental identification of the yield point is more complex since the
theoretical definition would require numerous small load-unload cycles, which is
unrealistic. Wood (2004) suggested an experimental approach based on the theoretical
definition but there are no published instances of its usage. Difficulties in ascertaining
yielding has been well-recognized (e.g. Kavvadas et al., 1993, 1994; Barksdale &
Blight, 1997; Cecconi et al., 1998). A more common approach to ascertain yielding
experimentally is through the change in stiffness of the soil specimen (e.g. Smith
et al., 1992; Airey, 1993; Callisto & Calabresi, 1998). In this approach, the yield
locus is considered as the transition between stress states that cause a relatively stiff,
pseudo-elastic behaviour and stress states inducing large deformations. Hence, in
experimental works, yielding is more commonly identified as a major decrease in
stiffness rather than the onset of the plastic regime. Even with this approach, the
change in stiffness is not abrupt in real soils. More often, there is a range of stresses
over which the transition occurs. This gives rise to different definitions of yielding in
element testing work.
Yielding has also been categorised either as single yield or multiple yield. The single
yield framework has been widely used (e.g. Mitchell, 1970; Wong & Mitchell, 1975;
Atkinson, 1990; Anagnostopoulos et al., 1991; Coop & Atkinson, 1993; Kavvadas et al.,
1993, 1994; Cuccovillo & Coop, 1997; Callisto & Calabresi, 1998; Cotechia & Chandler,
2000; Rotta et al., 2003). Most of these studies have defined yielding as a state where a
significant decrease in stiffness is observed in the stress-strain curve. Anagnostopoulos
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et al. (1991) determined the ‘initial yield’ by noting a sudden decrease in the stiffness
of the stress-strain curves during triaxial compression on Corinth Marl. Kavvadas et al.
(1993, 1994) identified ‘initial yielding’ for lignite (soft rock) from its stress-strain curve
at the transition from the linear region to a more plastic one. On the contrary, others
have defined yielding as the limit of elastic behaviour, which is similar to the classical
meaning of yielding in mechanics. Based on this definition, Coop & Atkinson (1993)
studied yielding of artificially cemented carbonate sand through a series of isotropic
compression, CIU and CID tests. Finally, Cuccovillo & Coop (1997) identified the
yield point of two structured sands, namely silica sandstone and calcarenite from the
change in the tangent shear modulus in the G-log s or G-log q curve.
The multiple yield point concept has also been suggested by a number of researchers
(e.g. Vaughan, 1988; Maccarini, 1987; Bressani, 1990; Leddra et al., 1990; Jardine
et al., 1991; Jardine, 1992; Smith et al., 1992; Malandraki & Toll, 1996). Vaughan
(1990b) has identified yielding as the state at which a material shows a discontinuity
in its stress-strain behaviour. Based on this definition, Malandraki & Toll (1996)
hypothesised that a material could possess more than one yield point. Vaughan (1988)
proposed two yield points for residual soils, the first one representing the stress at
which some of the bonds start to fail and the second one marks the onset of substantial
loss in stiffness. Maccarini (1987) and Bressani (1990) also proposed two yield points
for an artificially bonded soil while Leddra et al. (1990) used a similar concept for soft
rocks. Jardine et al. (1991) and Jardine (1992) proposed a framework to explain the
concept of structure in soils. He suggested that if a soil is loaded monotonically along
a stress path, the stress space surrounding the initial point can be divided into three
zones:
1. Zone 1 refers to the region where the behaviour is perfectly linear elastic. Jardine
et al. (1991) also mentioned that this region is related to bonding. Hence, the
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end of zone 1 is associated with damage to bonding.
2. Zone II corresponds to the non-linear elastic region. After zone II, the particles
start to slip against each other.
3. Zone III is the region where the soil undergoes irrecoverable strain. The end of
zone III is related to the start of large scale changes in packing.
Smith et al. (1992) proposed a similar framework to model the yielding of Both-
kennar clay (See Figure 5.1). As observed, the stress space within the initial bounding
surface can be divided into three zones which are separated by three types of yield
surfaces, namely Y1, Y2 and Y3. Smith et al. (1992) suggested that the Y3 envelope
represents an initial bounding surface because it cannot be crossed by the effective
stress paths arising from undrained events including cyclic loading. On the other hand,
drained stress paths may be able to cross the Y3 envelope into the fourth zone, towards
an outer state boundary surface. Some natural soils may behave in a less stable way,
with the normalised boundary surface contracting inwards as strain increases.
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Figure 5.1: Stress space within the yielding surfaces (Smith et al., 1992).
For bonded materials, Malandraki & Toll (1996) also defined three yield surfaces,
namely first, second and final yield. The ‘first yield’ is analogous to Y1 and indicates
the first change in the material stiffness. The ‘second yield’ refers to the point where
a substantial drop in stiffness occurs and the ‘final yield’, similar to Y3, defines the
stress state at which the material has already lost most of its stiffness due to bonding.
Malandraki & Toll (1996) further mentioned that the ‘second yield’ does not exist
for normally consolidated clays and loose sands but could be easily identified for
overconsolidated clays, dense sands and soft rocks from the log tangential stiffness-log
axial strain curve. The authors also remarked that for strongly bonded materials, Y2
(Jardine et al., 1991; Jardine, 1992) may coincide with the ‘first yield’ as defined by
other researchers (e.g. Vaughan, 1988; Bressani, 1990), indicating that the material is
elastic before its stiffness decreases significantly. Hence, the yielding point as defined
by Coop & Atkinson (1993) and Cuccovillo & Coop (1997), ‘Y2’ by Jardine et al.
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(1991) and Smith et al. (1992) and the ‘first’ and ‘second yield’ by Malandraki & Toll
(1996) appear to be able to describe the yielding of strongly bonded materials such as
cement-admixed soils. This is also compatible with the term ‘primary yielding’ used by
Rotta et al. (2003), Consoli et al. (2006) and adopted by Xiao et al. (2014). Primary
yielding has been defined as the point at which the stress-strain curve (mean effective
stress against specific volume) starts to deviate from its initial linear behaviour. In
practice, the Y3 yield point may not be readily identifiable from tests.
The yielding of cemented soils has been studied by various methods such as the
‘stress-strain method’, the ‘stiffness method’, among others. In the ‘stress-strain
method’, the deviator stress or mean effective stress is plotted against the deviator
strain or volumetric strain (or specific volume) in natural or log scale (e.g. Mitchell,
1970; Wong & Mitchell, 1975; Maccarini, 1987; Bressani, 1990; Airey, 1993; Coop
& Atkinson, 1993; Rotta et al., 2003; Consoli et al., 2006; Chin, 2006; Xiao et al.,
2014). Mitchell (1970) plotted a one-dimension consolidation curve on a linear scale
and identified the yield point by using the standard Casagrande method (See Figure
5.2 (a)). The author further mentioned that at stress states below the yield point,
the specimen compression is small, almost recoverable and approximately a linear
function of the applied stress. Beyond the yield point, the compression is relatively
large and mostly irreversible. Mitchell (1970) also defined an actual yield point which
corresponds to Rotta et al. (2003)’s definition.
Wong & Mitchell (1975) have employed Taylor & Quinney (1931)’s method to
identify the yield point from the stress-strain curves of a sensitive cemented clay (See
Figure 5.2 (b)). The authors mentioned that the method was appropriate for cemented
clays because there is always a reasonable sharp break in the stress-strain curves.
They also reported that ‘the existence of a unique yield surface is of great importance
for sensitive cemented soils. After initial breakdown of the cementation bonds (initial
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yielding) a small increment of applied stress produces a relatively large amount of
strain that is analogous to plastic flow. There appears to be a progressive breakdown
of cementation bonds following initial yield and it would be an oversimplification to
identify the post-yield sensitive clay with an insensitive normally consolidated clay.
Exceptionally large volumetric strain (up to 50%) is required to reach the normally
consolidated or unstructured state.’
Figure 5.2: Definition of initial yield stress for cemented soil according to: (a)
Mitchell (1970) (b) Wong & Mitchell (1975) (c) Rotta et al. (2003) (d) Chin (2006).
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Figure 5.3: Definition of initial yield stress for cemented soil according to: (a)
Bressani (1990) (b) Malandraki & Toll (1996) (c) Cuccovillo & Coop (1997) (d)
Bergado et al. (2006) (e) Airey (1993).
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Coop & Atkinson (1993) have used the point where the stress-strain curve (deviator
stress-strain and mean effective stress-volumetric strain) deviates from its initial linear
behaviour to identify the yield point for cemented carbonate sands. Airey (1993) also
used a similar method on naturally cemented carbonate sand on the plot of deviator
stress-axial strain. Rotta et al. (2003) have applied the same method to define
primary yielding, the onset of the breakage of cement bonds (See Figure 5.2(c)). This
definition of primary yielding was adopted by Xiao et al. (2014) to plot a self-consistent
primary locus for cement-treated Singapore marine clay. The primary yield points
were obtained from isotropic compression tests, K0-consolidation tests, drained triaxial
tests and constant stress ratio tests as seen from Figure 5.4. Xiao et al. (2014) also
reported that the peak strength from undrained triaxial tests were lower than or close
to the fitted primary yield locus.
On the other hand, Cotecchia & Chandler (2000)’s definition of the gross yield
point represents a state outside the elastic regime whereby the stiffness of the soil
decreases significantly; this seems more related to a point at which significant amount
of yielding has occurred. Chin (2006) proposed drawing a tangent to the compression
curve of cement-treated Singapore marine clay, parallel to its intrinsic compression line
(Burland, 1990). The point of tangency corresponds to the gross yield point and is the
maximum ratio of stress on the compression curve to that on the intrinsic compression
line. An illustration of this method is shown in Figure 5.2(d).
Using a weakly artificially bonded soil, Maccarini (1987) proposed the ‘first yield’
as the end of the linear part of the deviator stress against axial strain curve and
the ‘second yield’ as the point of maximum curvature on the same graph plotted in
natural scale. The ‘first yield’ is akin to Rotta et al. (2003)’s ‘primary yield’ and the
‘second yield’ to Wong & Mitchell (1975)’s yield point. Bressani (1990) also used a
similar approach, but plotted the stress-strain or compression on a log-log scale to
Chapter 5. Yielding Behaviour of Fibre-Reinforced
Cement-Treated Clay 170
obtain a clearer change in behaviour (see Figure 5.3(a)). Hence, while there is general
agreement that the first or primary yield is identifiable as the first departure from
linear elastic behaviour, methods for identifying the ‘second yield’ or gross yield seems
to be more variable.
Figure 5.4: Determination of primary yield locus for cement-treated Singapore
marine clay specimens for a cement content of 30% (by dry weight of soil) and total
water content of 100% (Xiao et al., 2014).
In the ‘stiffness method’, the tangential modulus (usually Young’s modulus or shear
modulus), is plotted against strain in log-log or log-natural scale (e.g. Malandraki
& Toll, 1996; Cuccovillo & Coop, 1997). Figure 5.3(b) illustrates Malandraki & Toll
(1996)’s method for an artificially bonded soil. Yielding is identified from the changes in
the tangential stiffness against axial strain graph plotted in a log-log scale. Cuccovillo
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& Coop (1997) have used the changes in the plot of tangential shear modulus versus
log deviator strain or stress to define the yield of structured sand (See figure 5.3(c)).
However, in view of the reversed S-curve of soils, this method may only be useful for
identifying the first yield point.
Other methods to define the yielding of cemented soils have also been proposed.
Bergado et al. (2006) plotted shear strain against volumetric strain to ascertain
yielding of cement-treated soft Bangkok clay. The authors observed that the shear
strain-volumetric plot is bi-linear with the transition point being defined as the yield
point (See Figure 5.3(d)). Airey (1993) has used the effective stress paths from
undrained triaxial tests on a naturally cemented carbonate soil. In the q-p′ stress
space, the transition point of the stress paths indicates yielding, as shown in Figure
5.3 (e).
5.2 Methodology
Three methods will be investigated for identification of the yield point in the
current study. The first is the primary yield point definition proposed by Rotta et
al. (2003), and also adopted by Xiao et al. (2014). Graphically, it is the point where,
under linear scale, the stress-strain curve deviates from its initial linear trend as
illustrated in Figure 5.5 (a). One can think of this physically as the onset of breakage
of cementation bonds in the soil matrix. Another method termed as the intersection
method (Xiao & Lee, 2014) is also explored as a yielding definition. The concept was
adopted from Mitchell (1970)’s definition of yielding and is illustrated in Figure 5.5
(b). In the intersection method, the compression curve is plotted in logarithmic scale,
with the unloading-reloading line and the normal compression line being idealised as
two straight lines. The intersection of these two extended lines will be referred to
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as the ‘mid-yield’ point. This method is more convenient for constitutive modelling
purposes because it models the normal compression line and the unloading-reloading
line as two linear portions with a very well-defined yield point. Using the intersection
method, a third yield point was introduced to mark the point where the compression
curve becomes approximately linear (as shown in Figure 5.5 (b)).
For the current study, the three yield points which were introduced above will be
coupled into a multiple-yield-point framework (e.g. Jardine et al., 1991; Jardine, 1992;
Malandraki & Toll, 1996) to describe the yielding of fibre-reinforced cement-treated
clay under a triaxial stress state condition. The term ‘first yield’ point and hence ‘first
yield locus’ will be adopted herein to mark the end of initial linear elastic segment of
the compression curve. As mentioned earlier, Malandraki & Toll (1996) defined the
‘first yield’ as the point where the first change in stiffness occurs for bonded material.
Beyond the first yield, bond breakage would induce irrecoverable (plastic) strains in
the material. In the current study, since bond degradation is also initiated at the first
yield, the same concept will be adopted for the onset of plastic strain mobilization.
The second point is measured based on the intersection method and can be
considered as a ‘mid-yield’ point. In qualitative terms, this is consistent with the
‘second yield’ point (Malandraki & Toll 1996) where a substantial drop in stiffness
occurs, and will be termed as such hereafter. The third yield point as illustrated in
Figure 5.5 (b) will be called the ‘final yield’ since it corresponds to the full development
of plastic regime and the end of the elasto-plastic transition zone. The term ’final yield’
used in the present study should not be confounded with Malandraki & Toll (1996)’s
‘final yield’ which corresponds to a stress state whereby the soil has lost almost all
of its stiffness associated with cementation bonds (complete destructuration). It is
also surmised that the ‘gross yield’ point as defined in the literature by Cotecchia
& Chandler (2000) is likely to be located between the ‘mid-yield’ and ’final yield’
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stress, much closer to the latter. However, to pin-point the exact location of the ‘gross
yield’ is subjective due to the non-linear nature of the volumetric compression curve.
Furthermore, one of the reasons why terms such as primary yielding and gross yielding
have been avoided in this thesis is that it is highly dependent upon one’s physical
notion of the destructuration process. This may differ between naturally cemented
soil and artificial fibre-reinforced cemented soil. It is for this reason that terms such
as first, mid and final yielding has been used instead of primary and gross yielding,
which were adopted from naturally cemented soil without fibres.
This multiple-yield-point concept will be used in the formulation of the constitutive
framework in Chapter 8. It must be highlighted that the yield points are defined as such
in the thesis so as to conveniently describe and idealise the yielding behaviour of fibre-
reinforced cement-treated soil for constitutive modelling. The proposed terminologies
used to pin down the yield points can be subjected to debate but, the purpose of the
whole exercise was to characterise the yielding process by ‘arbitrarily’ fixing a point at
the beginning, middle and final portion of the non-linear portion of the volumetric
compression curve. As it will be observed later in Section 5.5.1, the defined yield
points might not be evident from the deviator stress-strain curve.
Figure 5.5: Identification of the (a) ‘first yield’ point (adapted from Rotta et al.,
2003) (b) ‘mid-yield’ point and ‘final yield’ point by the intersection method.
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5.3 Size Effect due to Fibre Inclusion on the Yield-
ing Behaviour
A preliminary size effect study (due to fibre inclusion) on the yielding behaviour of
fibre-reinforced cement-treated clay was carried out to recommend a suitable specimen
size. As mentioned previously, while it is more practical to test smaller specimens in
order to minimize the duration of testing, the specimens also have to be big enough to
discount the size effect due to fibre inclusion. Two sizes of specimens were tested - 50
mm (diameter) × 100 mm (height) and 100 mm (diameter) × 200 mm (height). The
specimens were cured in water for 7 days without the application of any curing stresses.
The yield points were obtained from isotropic compression tests, constant stress ratio η
tests and drained triaxial tests. Figure 5.6 shows the yield points for the 2:1:4 mix ratio,
together with the tension cut-off line. The tension cut-off line refers to a state whereby
the radial effective stress on the specimen is zero, that is, pore pressure is equal to the
total confining pressure. In a triaxial test setup, this corresponds to the point at which
the rubber membrane detaches from the test specimen. For future reference, it should
thus be noted that due to this boundary condition, a triaxial stress path cannot, in prin-
ciple, cross the tensile cut-off envelope. This is one of the limitations of the triaxial test.
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Figure 5.6: Yield points for 50 mm × 100 mm and 100 mm × 200 mm specimens
with mix ratio 2:1:4 and cured for 7 days under atmospheric pressure (f = 1.85%).
From Figure 5.6, it is observed that for the first yield, a unique yield locus could
be drawn through the set of data points, irrespective of the specimen size. Regarding
the mid-yield and the final yield, if the circled data points are disregarded, a good
yield locus fit can also be obtained for the yield points. These circled data points
represent stress states of non-pre-yielded soil specimens which were sheared at low
effective confining stresses and are therefore very close to the tension cut-off line where
the radial effective stress is very close to zero. For such specimens, fissuring may occur
under conditions of low radial effective stress and this may lead to premature loss of
stiffness. This issue will be discussed in greater details in sub-section 5.5.1.
In summary, any size effect arising from fibre inclusion does not significantly affect
the yield locus of fibre-reinforced cement-treated clay. As mentioned in chapter 3, the
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phenomenon of size effect arises because of the relative size of the fibre’s influence zone
as compared to the size of the test specimen. Its magnitude depends on the extent of
the deformation of the surrounding cementitious soil matrix under loading. Along the
yield locus of fibre-reinforced cement-treated clay, in particularly the first yield, the
amount of deformation is small so that volumetric and shear strains are mostly elastic.
Hence, it is not surprising that both the 50mm and 100mm-diameter specimens return
the same yield locus for a particular yield definition used. As such, 50 mm × 100 mm
specimens were used for yield locus mapping.
5.4 Isotropic Yield Stress of Fibre-Reinforced Cement-
Treated Specimens
Figures 5.7 (a) and 5.7 (b) show the isotropic compression (ISO) curves for specimens
with different cement contents and total water contents after 7 days curing. The initial
specific volumes were determined using Method II as described in section 3.4.1.2. It
is observed that the initial specific volume decreases with cement content (for the
same total water content), and increases with water content (for the same cement
content). This is to be expected and is consistent with the trend noted by Mindess
et al. (2003) who mentioned that the volume of voids (gel pores and capillary pores)
in a cementitious material increases with the water/cement ratio as a result of the
hydration reaction.
All specimens exhibited stiff behaviour up to the first yield point, after which
the specific volume decreases at a higher rate towards the final yield point, with the
mid-yield point in between. This loss of stiffness after the first yield point is associated
with cementation bond breakage. Uddin et al. (2013) noted a similar behaviour on
fibre-reinforced cement-treated sand. Furthermore, similar trends were also reported
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on unreinforced artificially/naturally cemented specimens (e.g. Leroueil & Vaughan,
1990; Huang & Airey, 1998; Rotta et al., 2003; Consoli et al., 2006; Xiao & Lee, 2014).
The isotropic yield points from the three yielding definitions are also highlighted
in Figure 5.7 and are presented in Table 5.1. The mid-yield and final yield stress for
mix ratio 4:3:7 and 1:1:2 could not be obtained experimentally due to the pressure
limitation of 3MPa of the GDS pressure controller. Since these two mix ratios have
a very high cement content, their isotropic first yield stress is rather high and their
normal compression line could not be fully defined. Their isotropic mid-yield and final
yield stress were estimated by the projected intersection of the fitted yield loci with the
p′-axis in Figures 5.14 - 5.17. From Table 5.1, it can be seen that the isotropic mid-yield
stress is about 50% higher than the isotropic first yield stress and is approximately
78% of the isotropic final yield stress.
Table 5.1: Summary of unconfined compression test results for specimens cured



























5:1:6 20 100 392 526 782 1.34 0.67
5:2:7 40 100 598 998 1212 1.67 0.82
2:1:3 50 100 780 1031 1381 1.32 0.75
2:1:4 50 133 341 680 877 1.99 0.78
4:3:7 75 100 1450 1950 2325 1.34 0.84
1:1:2 100 100 1856 2600 3150 1.40 0.83
1:1:2.5 100 125 840 1301 1659 1.55 0.78
1:1:3 100 150 507 740 996 1.46 0.74
Remarks: The shaded values have been estimated from the extrapolation of the fitted yield locus.
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Figure 5.7: Isotropic compression curves for specimens cured for 7 days without
curing stresses (a) 2:1:4, 1:1:2.5 and 1:1:3 mix ratio (b) 5:1:6, 5:2:7, 2:1:3, 4:3:7 and
1:1:2 mix ratio (f =1.85%).
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In addition, the isotropic yield stresses for each mix ratio were plotted against their
respective unconfined compressive strength. The stress-strain curves can be found in
Figures A.3 (a) - (g) in the Appendix. Figure 5.8 seems to suggest that three linear
relationships exist between the unconfined compressive strength and the isotropic yield
stress for all mix ratios, one corresponding to each yield definition. This implies that
the three yield stresses can be correlated to the unconfined compressive strength qu by
the relations
p′y1 ∼ 0.67qu (5.1)
p′ym ∼ 0.96qu (5.2)
p′y1 ∼ 1.17qu (5.3)
Consoli et al. (2006) and Xiao (2009) also reported that the isotropic primary
yield stress of unreinforced cement-treated soil is a linear function of its unconfined
compressive strength. For unreinforced cement-treated Singapore marine clay, Xiao
(2009) obtained a linear relation (Equation 5.4) which is not too far off the one obtained
in the current study for fibre-reinforcement, with an R2 of 0.99.
p′y1 ∼ 0.56qu (5.4)
From Figure 5.7, the normal compression lines (NCL) were also examined more closely
except for the 4:3:7 and 1:1:2 mix ratio. For mix ratios with a water content of 100%,
it appears that the normal compression lines are parallel to each other, irrespective of
the cement content. The equation of the normal compression line for the different mix
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ratios are tabulated in Table 5.2 and it can be observed that the gradient λ is almost
equal for mix ratio 5:1:6, 5:2:7 and 2:1:3. The observation is in agreement with that
of Huang & Airey (1998) and Xiao (2009) who reported that the slopes of normal
consolidation lines of unreinforced cement-treated soil are almost independent of the
cement content, with the v : ln p′ lines shifting to the right as cement content increases.
Figure 5.8: Plot of unconfined compressive strength against isotropic yield stress for
specimens cured for 7 days without curing stresses (f =1.85%).
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v = vλ − λ ln p′
5:1:6 20 100 v = 5.35− 0.30 ln p′
5:2:7 40 100 v = 5.27− 0.31 ln p′
2:1:3 50 100 v = 5.21− 0.29 ln p′
2:1:4 50 133 v = 7.07− 0.56 ln p′
1:1:2.5 100 125 v = 5.35− 0.21 ln p′
1:1:3 100 150 v = 5.39− 0.23 ln p′
The similarities between cement-treated clay with and without fibre reinforcement
that were reported above seem to suggest that during isotropic compression, fibres do
not significantly affect the compression properties of the cementitious matrix. This
agrees well with Diambra & Ibraim (2014) who assumed that tensile stresses in the
fibres are not mobilised during consolidation loading. The isotropic compression
behaviour of fibre-reinforced cement-treated clay will be discussed further in Chapter
7 and an in-depth comparison between cement-admixed clay with and without fibre
reinforcement will also be presented regarding their compressibility characteristics
under isotropic stresses.
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5.5 Yielding of Fibre-Reinforced Cement-Treated
Specimens Consolidated to Pressures below the
Isotropic Mid-Yield Stress
5.5.1 Initial yield locus
Table 5.3 shows a list of the tests conducted and their identifiers. As this table
shows, the prefixes CIU represents an undrained test, CID represents a drained test
and η refers to the constant stress ratio test. The number following the prefixes
represents the effective consolidation pressure (p′c) in kPa for the CIU/CID test or the
stress ratio q/p′ for the constant stress ratio test. The mix ratio (s:c:w) will also be
included in the identifier to indicate the mix ratio in-text.










Tests conducted (CIU/CID p′c)
5:1:6 20 100 CID 100, CID 200, CID 300, CID 400, η=0.2
2:1:4 50 133 CID 50, CID 100, CID 200, CID 250, CID 400, η=2,CIU 100, CIU 200, CIU 400, CIU 530
2:1:3 50 100 CID 50, CID 150, CID 300, CID 450, CID 600, CIU150, CIU 300, CIU 600, CIU 1200
4:3:7 75 100 CID 450, CID 700, CID 850, CID 1200, CID 1300,CIU 200, CIU 700, CIU 2200
1:1:2 100 100
CID 100, CID 500, CID 800, CID 1200, CID 1500,
CID 1700, CIU 100, CIU 200, CIU 400, CIU 800,
CIU 1200
1:1:2.5 100 125 CID 50, CID 200, CID 300, CID 500, CID 700, CID750, CIU 100, CIU 500, CIU 1000, CIU 1450
1:1:3 100 150 CID 50, CID 100, CID 200, CID 300, CID 400, CID450, η=2, CIU 100, CIU 300, CIU 500, CIU 725
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Figures 5.9 to 5.21 show the triaxial test results for 50 mm × 100 mm specimens
with different mix ratios. The yield points were obtained by conducting a series of
drained triaxial compression tests and constant stress ratio tests at effective confining
pressures below the isotropic mid-yield stress. Such specimens will be termed as
non-pre-yielded specimens. In each of these figures, the first yield, mid-yield and final
yield stresses were overlain on the q - p′ stress path, the v - ln p′ plot and the q-s plot.
As can be seen in the q-p′ plots, a unique first-yield locus can be fitted through the
data points. For the mid-yield and final yield, good fits can also be obtained if the data
points circled in red are disregarded. As discussed earlier, the circled points belong to
specimens which were sheared at low confining pressures with respect to the isotropic
mid-yield stress. Triaxial specimens which are sheared very close to the tension cut-off
line may fracture and fissure. As will be shown in Section 7.2.2.1, one would expect
the stress path of an unconfined compression test to go along the tension cut-off line
and fail very close to the intersection of the first yield locus and the tension cut-off
line. Such specimens are even more unstable and will fracture/fail in the vicinity of
the first yield surface and are unable to rise beyond the it. This corresponds to failure
and the specimen will slowly strain-soften, with the fibre elements being mobilised to
inhibit the crack propagation. Correspondingly, when a drained specimen is sheared
near to the tension cut-off line - that is, low effective confining stress - it will also be
prone to cracking. In this case, the presence of confining pressure helps the stress
path to rise beyond the first yield and the specimen subsequently fails at a deviator
stress which is higher than the unconfined compressive strength. The trend that can
be discerned is that the further away a specimen is from the tension cut-off line, the
smaller are the chances of fissuring and the higher the load that it is able to sustain.
This phenomenon has been highlighted by Schofield (1980) for remoulded clay with
stresses close to the tension cut-off line. Schofield (1980) also noted that ‘the fissured
soil becomes rapidly suffused with water‘. In the q-s plots, it was observed that the
first yield points also coincide with the end of linear elastic behaviour and is thus
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consistent with the definition adopted in the current study. On the other hand, it
is more difficult to corroborate the mid-yield and final yield points in the deviator
stress-strain curves due to the high non-linear nature of the curves after the first yield.
In the discussion below, the state of the specimen will be characterized by a bond
yield ratio (BYR), defined herein as the ratio of the isotropic mid-yield stress (here
taken to be the bond yield stress brought about by cementation (e.g. Balasubramaniam
et al., 1999)) to the isotropic consolidation pressure at which the specimen is tested.
Figures 5.22 (a) and (b) show the failure modes of two specimens namely 1:1:2.5-CID 50
and 1:1:2.5-CID 500 which correspond to a bond yield ratio of 26 and 2.6 respectively.
For the specimens with bond yield ratio ≥ 6, the material reached a peak strength
and subsequently strain-softened. The peak strength tended to occur in the vicinity
of the ‘final yield’ surface, which reinforces the initial analogy that the ‘gross yield’
(e.g. Cotecchia & Chandler, 2000) is near to the ‘final yield’. Failure was accompanied
by the formation of a large shear band. A closer view of the specimen in Figure
5.22 (a) reveals the presence of vertical fissures, which may be tension cracks. In
the corresponding v - ln p′ plots, it is observed that a large amount of compression
starts to occur beyond the mid-yield point till the peak strength, after which the
specimens tended to dilate. On the contrary, specimens with BYR < 6 showed neither
sign of fissures nor rupture; they seemed to deform plastically under loading. Such
specimens exhibited a strain hardening behaviour after their mid-yield point, with
large volumetric compression.
These two cases agree with Schofield (1980)’s framework on the failure of remoulded
soils and support the explanation made earlier on the red-circled yield points. Due to
the limitations of equipment, the onset of tensile fracture in Figure 5.22 (a) could not
be identified experimentally, but one may surmise that it would occur when the stress
state approaches the first yield point. Schofield (1980) postulated that sudden changes
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in the permeability of the soil may occur upon fracture, introducing non-uniformity
in stresses and pore water pressure. Thus, the specimen may become prematurely
unstable. Nguyen & Fatahi (2016) also noted that the occurrence of micro- and macro-
âŰĹcracks during shearing, particularly during the post-peak-strength stage, affects
the pore pressure measurements. They further mentioned that localised decrease in the
pore pressure values may occur as a consequence of the cracks formation. Consequently,
the points which are circled in red in Figures 5.9 - 5.21 may not be entirely accurate
and can be justifiably ignored.
Nonetheless, the possibility of the yield surface deviating from its elliptical shape
and curving down the tension cut-off line was also considered. While this idea might
apply to the ‘mid-yield’ and ‘final yield‘ surface, it cannot possibly be the case for
the ‘first yield’. As mentioned above, the stress path of an unconfined compression
test will trend along the tension cut-off line and fail very close to the intersection of
the first yield locus and the tension cut-off line. For drained tests, the experimental
data (Figures 5.9 âĂŞ 5.21) suggest that the deviator stress at the first yield point
decreases with increasing effective confining stress. This shows that the first yield
surface can reasonably be approximated by a steep arch. Regarding the ‘mid-yield’
and ‘final yield’, if the yield surface does come down the tension cut-off line, it may
reach values below the first yield stress or the unconfined compressive strength, as
shown in Figure 5.10. This would be counter-intuitive.
Samples which were tested under drained conditions reached their peak strength at
a much higher shear strain than their undrained counterparts. For the undrained tests
results, the yield loci as obtained from the drained tests were superimposed on the q-p′
stress plots. It was observed that all specimens generally reached their peak strength
on the tension cut-off line or very near it, followed by strain-softening and shear plane
formation. The q-p′ stress paths generally tended to move towards the tension cut-off
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line as shown in Figures 5.11 - 5.21. Similar observations were made by Xiao (2009)
on non-pre-yielded specimens for unreinforced cement-admixed clay. Furthermore, for
fibre-reinforced cement-treated specimens which were sheared at effective stress below
the isotropic first yield stress, the stress paths tended to move within the boundary
of the first yield locus and were almost vertical till the peak stress. The latter either
occurred at the tension cut-off line or very near the intersection of the first yield locus
with the tension cut-off line. The very stiff behaviour of such specimens supports
the hypothesis that the stress-strain behaviour of fibre-reinforced cement-treated is
purely elastic within the first yield locus. This is also consistent with the first and
second yield points being similar (Malandraki and Toll, 1996). For specimens which
were sheared at confining pressures near the isotropic first yield or mid-yield stress,
the stress paths trended closely to the fitted yield locus and the experimental data
points, and hence supporting the existence of a yield surface or more precisely, a state
boundary surface (Roscoe et al., 1958). The modelling of this state boundary surface
will be presented in Chapter 8 of the thesis.
For each yield definition, all the yield points obtained for the tested mix ratios
were plotted together in Figure 5.23, with their deviator stress and mean effective
stress being normalised by their respective isotropic yield stress. The yield points of
specimens with a bond yield ratio of greater than 6 were not included in the plots
because such specimens are susceptible to cracking and fissuring; with accompanying
instability. Figures 5.23 (a) - (c) show that all the normalised yield points are clustered
within the same region, this being clearer for the first yield and the mid-yield points.
The normalised plots indicate that although the size of the yield loci are dependent on
the mix ratios, they all have the same initial shape, as shown by the dashed ellipse
which was fitted through the normalised data points.
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Figure 5.9: Drained triaxial shearing behaviour of non-pre-yielded specimens with
mix ratio 5:1:6 (Aw = 20%, Cw = 100%) cured under atmospheric pressure for 7 days
(f =1.85%): (a) Stress path (b) Deviator stress - strain curve (c) Compression curve.
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Figure 5.10: Drained triaxial shearing behaviour of non-pre-yielded specimens with
mix ratio 2:1:4 (Aw = 50%, Cw = 133%) cured under atmospheric pressure for 7 days
(f =1.85%): (a) Stress path (b) Deviator stress - strain curve (c) Compression curve.
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Figure 5.11: Undrained triaxial shearing behaviour of non-pre-yielded specimens
with mix ratio 2:1:4 (Aw = 50%, Cw = 133%) cured under atmospheric pressure for 7
days (f =1.85%): (a) Stress path (b) Deviator stress - strain curve (c) Pore pressure
vs. axial strain curve.
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Figure 5.12: Drained triaxial shearing behaviour of non-pre-yielded specimens with
mix ratio 2:1:3 (Aw = 50%, Cw = 100%) cured under atmospheric pressure for 7 days
(f =1.85%): (a) Stress path (b) Deviator stress - strain curve (c) Compression curve.
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Figure 5.13: Undrained triaxial shearing behaviour of non-pre-yielded specimens
with mix ratio 2:1:3 (Aw = 50%, Cw = 100%) cured under atmospheric pressure for 7
days (f =1.85%): (a) Stress path (b) Deviator stress - strain curve (c) Pore pressure
vs. axial strain curve.
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Figure 5.14: Drained triaxial shearing behaviour of non-pre-yielded specimens with
mix ratio 4:3:7 (Aw = 75%, Cw = 100%) cured under atmospheric pressure for 7 days
(f =1.85%): (a) Stress path (b) Deviator stress - strain curve (c) Compression curve.
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Figure 5.15: Undrained triaxial shearing behaviour of non-pre-yielded specimens
with mix ratio 4:3:7 (Aw = 75%, Cw = 100%) cured under atmospheric pressure for 7
days (f =1.85%): (a) Stress path (b) Deviator stress - strain curve (c) Pore pressure
vs. axial strain curve.
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Figure 5.16: Drained triaxial shearing behaviour of non-pre-yielded specimens with
mix ratio 1:1:2 (Aw = 100%, Cw = 100%) cured under atmospheric pressure for 7 days
(f =1.85%): (a) Stress path (b) Deviator stress - strain curve (c) Compression curve.
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Figure 5.17: Undrained triaxial shearing behaviour of non-pre-yielded specimens
with mix ratio 1:1:2 (Aw = 100%, Cw = 100%) cured under atmospheric pressure for
7 days (f =1.85%): (a) Stress path (b) Deviator stress - strain curve (c) Pore pressure
vs. axial strain curve.
Chapter 5. Yielding Behaviour of Fibre-Reinforced
Cement-Treated Clay 196
Figure 5.18: Drained triaxial shearing behaviour of non-pre-yielded specimens with
mix ratio 1:1:2.5 (Aw = 100%, Cw = 125%) cured under atmospheric pressure for 7
days (f =1.85%): (a) Stress path (b) Deviator stress - strain curve (c) Compression
curve.
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Figure 5.19: Undrained triaxial shearing behaviour of non-pre-yielded specimens
with mix ratio 1:1:2.5 (Aw = 100%, Cw = 125%) cured under atmospheric pressure for
7 days (f =1.85%): (a) Stress path (b) Deviator stress - strain curve (c) Pore pressure
vs. axial strain curve.
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Figure 5.20: Drained triaxial shearing behaviour of non-pre-yielded specimens with
mix ratio 1:1:3 (Aw = 100%, Cw = 150%) cured under atmospheric pressure for 7 days
(f =1.85%): (a) Stress path (b) Deviator stress - strain curve (c) Compression curve.
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Figure 5.21: Undrained triaxial shearing behaviour of non-pre-yielded specimens
with mix ratio 1:1:3 (Aw = 100%, Cw = 150%) cured under atmospheric pressure for
7 days (f =1.85%): (a) Stress path (b) Deviator stress - strain curve (c) Pore pressure
vs. axial strain curve.
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Figure 5.22: Post-sheared drained triaxial test specimens for mix ratio 1:1:2.5, cured
under atmospheric pressure for 7 days and sheared at an effective consolidation pressure
of (a) 50 kPa - BYR = 26 (b) 500 kPa - BYR = 2.6. Small fissures can be seen on the
specimen with higher BYR.
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Figure 5.23: Yield points normalised by their respective isotropic yield stress, with
7 days curing under atmospheric pressure for the (a) first yield (b) mid-yield (c) final
yield.
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5.5.2 Factors affecting the initial yield locus
5.5.2.1 Effect of fibre addition
In the discussion below, the term ‘initial’ will be used to denote specimens which
have not been pre-yielded previously. Figures 5.24 and 5.25 demonstrate the effect of
fibre addition on the initial first yield and mid-yield loci of non-pre-yielded cement-
admixed clay respectively. The three mix ratios which were investigated are 2:1:3,
2:1:4 and 5:1:6, with a curing period of 7 days. The data points for the unreinforced
(NF) cement-treated specimens were obtained from Xiao et al. (2014)’s study. The
figures indicate that the addition of fibre into the cementitious matrix leads to a
general expansion of the initial yield locus. While it was mentioned earlier that fibres
have little effect in isotropic compression at a macroscopic scale, Consoli et al. (2005)
reported that isotropic stresses could cause relative moment between soil-cement
particles at a microscopic level, and hence stressing the fibres which are entangled
among them. This mechanism is illustrated in Figure 5.26. The isotropic compression
data on sand and fibre-reinforced sand from Consoli et al. (2005) showed that the
normal compression lines of sand and fibre-reinforced sand are parallel to each other,
with the effect of fibre-reinforcement causing a right-shift of the normal compression
line of sand. This also translates to an increase in the isotropic yield stress. Similar
observations were made in the current study whereby the isotropic yield stress of
cement-treated clay increases with the inclusion of fibre reinforcement (See Figure
5.24 and 5.25). Furthermore, the effect of deviatoric stresses on fibre reinforcement is
also likely to mobilise the tensile resistance of the fibres, expanding the yield locus of
cement-treated clay.
For the first yield, it is observed that fibre reinforcement influences the yield locus
of the tested mix ratios to different extents, being more apparent on the 2:1:3 and
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5:1:6 mix ratio but less so on the 2:1:4 mix. This could be related to the volume of
voids within these specimens. The initial void ratio e of the intact specimens is as
follows: e2:1:4 = 2.85, e2:1:3 = 2.13, e5:1:6 = 2.45. Hence, the void ratio of the 2:1:4
mix is significantly higher than that of the other two mixes. For the same volume
of specimen, the amount of voids between the fibres and the cementitious particles
increases with increasing porosity, so that the effective contact area between soil grains
and fibres decreases. Hence, the relatively small expansion of the 2:1:4 first yield
locus due to fibre inclusion can be attributed to the high void ratio which counteracts
fibre-grain interaction. Following the same reasoning, it is thus expected that the 2:1:3
first yield locus is able to expand more than its 5:1:6 counterpart due to its lower
porosity value and this can be seen in Figure 5.24.
From Figure 5.25, the effect of fibre on the size of the initial mid-yield locus for
the 2:1:4 mix is more pronounced. This can be attributed to the plastic volumetric
strains and shear strains that are being increasingly mobilised. This is likely to have
two effects. Firstly, the fibres will also be strained, enabling them to mobilize tensile
stresses and help to withstand the external loads. Secondly, the progressive collapse of
voids may also increase the fibre-matrix interface contact area, thereby increasing their
effectiveness. It is also observed that the fibre-reinforced cement-treated yield loci for
the mid-yield are slightly more elongated in the vertical direction. This suggests that
the fibres may be more effective against deviator stresses than mean effective stresses.
This is not surprising since shear stresses are more likely to cause fibre pull-out which
would mobilize fibre stresses.
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Figure 5.24: Effect of fibre addition (f =1.85%) on the initial first yield locus of
cement-treated clay specimens cured under atmospheric pressure for 7 days: (a) 2:1:4
mix (b) 2:1:3 mix (c) 5:1:6 mix.
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Figure 5.25: Effect of fibre addition (f =1.85%) on the initial mid-yield locus of
cement-treated clay specimens cured under atmospheric pressure for 7 days: (a) 2:1:4
mix (b) 2:1:3 mix (c) 5:1:6 mix.
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Figure 5.26: Illustration of the mobilisation of fibre tensile forces in a fibre-reinforced
soil which is subjected to isotropic compression loading (Consoli et al., 2005).
5.5.2.2 Cement content and total water content effect
Figures 5.27 and 5.28 illustrate the effect of cement content and total water content
on the initial mid-yield locus of non-pre-yielded fibre-reinforced cement-treated clay
respectively. In the first case, the total water content was fixed at 100% and the
cement content was varied from 50% to 100%. For the total water content effect, a
cement content of 100% was used and water content was varied from 100% to 150%.
It is observed that while the initial mid-yield locus expands with an increase in cement
content, its size decreases with an increase in total water content. Xiao et al. (2014)
reported a similar trend of behaviour on unreinforced cement-treated clay, but with a
cement content range which did not exceed 50%. The expansion of the yield locus
with cement content can be explained by the larger amount of cementation bonds.
The effect of total water content, on the contrary, is a consequence of the increase in
the void ratio of the matrix. As shown in Chapter 4, the same trend was also observed
regarding the unconfined compressive strength, for a given fibre content and curing
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period. This is consistent with the linear relationship between the isotropic yield stress
and the unconfined compressive strength discussed earlier, Figure 5.8.
Figure 5.27: Effect of increasing cement content on the initial mid-yield locus of
fibre-reinforced cement-treated specimens, cured under atmospheric pressure for 7
days (Cw = 100%, f = 1.85%).
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Figure 5.28: Effect of increasing total water content on the initial mid-yield locus
of fibre-reinforced cement-treated specimens, cured under atmospheric pressure for 7
days (Aw = 100%, f = 1.85%).
5.6 Yielding of Fibre-Reinforced Cement-Treated
Specimens Consolidated at Pressures above the
Isotropic Mid-Yield Stress
5.6.1 Post-yield locus
Figures 5.28 - 5.36 show the triaxial test results for 50 mm × 100 mm pre-yielded
specimens, i.e. test specimens which have been isotropically consolidated to an effective
confining stress higher their initial isotropic mid-yield stress. The yield points were
obtained from a series of isotropic compression tests and drained triaxial tests. All
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the specimens were tested after 7 days curing under atmospheric pressure. Three
mix ratios will be presented in this section, namely 2:1:4, 2:1:3 and 5:1:6. Table 5.4
summarises the parameters of the specimens tested and their identifiers. The naming
convention adopted in this section will be ISO/CID p′0 - p′c where p′0 refers to the
isotropic pre-compression pressure and p′c is the effective isotropic confining pressure
at which the specimen is compressed isotropically/sheared. The mix ratio (s:c:w)
will also be included in the identifier to indicate the mix ratio in-text. For example,
test 2:1:3 - CID 1500-200 involves a test specimen with mix ratio 2:1:3 which was
first consolidated isotropically at an effective confining pressure of 1500 kPa and then
swelled back to 200 kPa, followed by shearing under drained conditions. The term
‘isotropic overconsolidation ratio’ (IOCR) will be introduced to quantify the degree of
isotropic unloading which was carried out on the specimen prior to shearing and is
given by p′0 / p′c. The isotropic overconsolidation ratio in these figures ranges from 1.2
to 20.










Tests conducted (ISO/CID p′0 - p′c)
5:1:6 20 100
ISO 1000-100, CID 1000-100, CID 1000-300, CID
1000-800, CID 1500-100. CID 1500-500, CID
1500-1000, CID 1500-1200, CID 2000-100, CID
2000-500, CID 2000-1000, CID 2000-1500
2:1:4 50 133
ISO 1000-10, ISO 1500-100, CID 1000-100, CID
1000-300, CID 1000-600, CID 1000-800, CID
1500-500, CID 1500-800, CID 1500-1000, CID
1500-1300, CID 2000-200, CID 2000-300, CID
2000-600, CID 2000-1000
2:1:3 50 100
ISO 1500-100, CID 1500-300, CID 1500-700, CID
1500-1000, CID 1500-1200, CID 1500-1300, CID
2000-100, CID 2000-500, CID 2000-1000, CID
2000-1500, CID 2000-1600, CID 2500-500, CID
2500-1000, CID 2500-1500
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Based on the drained triaxial test results, the specimens can be generally be grouped
into three classes of behaviour. For IOCR > 6, the specimens exhibited a stiff response
up to the peak strength, followed by a rapid drop in the post-peak strength (e.g. test
2:1:4 - CID 1000-100 in Figure 5.29). The latter was accompanied by cracking/fissuring
and a very-well defined shear band (See Figure 5.38 (a)). The post-yield portion
of the v-p′ compression plots for such specimens shows that dilation is occurring on
a macroscopic scale, as illustrated in Figure 5.29 (c) for test 2:1:4 - CID 1000-100,
but this may not reflect the volumetric strain in the vicinity of the shear band and
cracks. This behaviour is very similar to that for non-pre-yielded drained specimens
sheared at high bond yield ratio. For IOCR < 3, the specimens initially showed a
small elastic behaviour before transiting into strain-hardening (e.g. test 2:1:4 - CID
1000-600). In the v-p′ compression space, the specimens underwent large volumetric
compression as the mean effective stress continued to increase. Such specimens did not
fail and exhibited a high degree of plastic deformation with hardening, as illustrated
in Figure 5.29 (c) for test 2:1:4 - CID 1000-600. For an isotropic overconsolidation
ratio between 3 and 6, the specimens reached a peak strength, after which a very
gradual softening behaviour was observed (e.g. test 5:1:6 - CID 1500-500). In the
v-p′ plots, this softening behaviour corresponds to a reduction in specific volume at
almost constant mean effective stress, akin to volumetric crushing. This is illustrated
in Figure 5.33 (c) for test 5:1:6 - CID 1500-500. However, since a rupture plane was
also observed for this group of test specimens (See Figure 5.38 (b)), it is uncertain
whether the post-yield volumetric measurements are reliable. Figure 5.38 illustrates
an example of a post-test specimen for each class of behaviour. Furthermore, for
specimens with an IOCR > 3, it was noted that the mid-yield stress is very close to
the final yield stress. This is because the portion of the compression curve beyond
the mid-yield stress is almost vertical. For such specimens, the mid-yield stress also
corresponds to the peak deviator stress.
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Figures 5.39 (a) and 5.39 (b) show the results of the isotropic compression tests
on pre-yielded specimens plotted in linear scale and logarithmic scale respectively. In
Figure 5.39 (a), it is observed that the isotropic pre-compression pressure corresponds
to the end of the initial linear portion of the compression curves and thus matches
the definition of the first yield. It implies that for pre-yielded specimens under
isotropic compression, the degradation of cementation bonds is only re-initiated when
the mean effective stress exceeds the highest pressure previously reached, i.e. the
pre-consolidation pressure. The isotropic mid-yield and final yield points were also
identified where possible and are marked on the figures.
From the isotropic compression tests and drained triaxial tests, a series of first yield,
mid-yield and final yield points could be identified and they were overlain on the q-p′
stress path plots in Figures 5.29 - 5.37. Generally, it can be seen that a curved yield
locus akin to an ellipse can be drawn with a reasonably acceptable fit through each
set of data points, disregarding the yield points with an isotropic overconsolidation
ratio of greater than 6 (circled in red).
Xiao et al. (2014) conducted drained and undrained triaxial tests on pre-yielded
unreinforced cement-treated clay specimens and reported that an elliptical yield locus
could fit the experimental yield points. The first yield and mid-yield points from their
study were plotted together with the yield points from the current study so as to
investigate the effect of fibre addition on the post-yield locus. Figure 5.40 shows that
pre-yielded cement-treated clay with and without fibre-reinforcement seem to share
the same first yield locus for a particular pre-compression pressure. A probable reason
could be that cementation bonds play a dominant role within the first yield region
of the pre-yielded material, i.e. at small strains. This is not surprising because the
tensile forces in the fibres may not mobilised at small deformation of the soil matrix.
The shear strains that the pre-yielded fibre-reinforced cement-treated clay specimens
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undergo at the first yield locus is typically about 0.05%; this may be insufficient to
re-mobilise the reinforcing action of the polypropylene fibres.
In contrast, as Figure 5.41 shows, the mid-yield points show greater difference
between Xiao et al. (2014)’s unreinforced cement-treated clay and the fibre-reinforced
cement-treated clay tested in this study. This implies that as shear strain increases, the
reinforcing effect of the fibres become increasingly manifested so that the yield locus
of fibre-reinforced cement-treated clay is significantly larger than that of unreinforced
cement-treated clay for given amount of shear strain.
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Figure 5.29: Stress-strain behaviour of pre-yielded drained test specimens (p′0 = 1000
kPa) for mix ratio 2:1:4, cured under atmospheric pressure for 7 days (f = 1.85%).
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Figure 5.30: Stress-strain behaviour of pre-yielded drained test specimens (p′0 = 1500
kPa) for mix ratio 2:1:4, cured under atmospheric pressure for 7 days (f = 1.85%).
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Figure 5.31: Stress-strain behaviour of pre-yielded drained test specimens (p′0 = 2000
kPa) for mix ratio 2:1:4, cured under atmospheric pressure for 7 days (f = 1.85%).
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Figure 5.32: Stress-strain behaviour of pre-yielded drained test specimens (p′0 = 1000
kPa) for mix ratio 5:1:6, cured under atmospheric pressure for 7 days (f = 1.85%).
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Figure 5.33: Stress-strain behaviour of pre-yielded drained test specimens (p′0 = 1500
kPa) for mix ratio 5:1:6, cured under atmospheric pressure for 7 days (f = 1.85%).
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Figure 5.34: Stress-strain behaviour of pre-yielded drained test specimens (p′0 = 2000
kPa) for mix ratio 5:1:6, cured under atmospheric pressure for 7 days (f = 1.85%).
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Figure 5.35: Stress-strain behaviour of pre-yielded drained test specimens (p′0 = 1500
kPa) for mix ratio 2:1:3, cured under atmospheric pressure for 7 days (f = 1.85%).
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Figure 5.36: Stress-strain behaviour of pre-yielded drained test specimens (p′0 = 2000
kPa) for mix ratio 2:1:3, cured under atmospheric pressure for 7 days (f = 1.85%).
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Figure 5.37: Stress-strain behaviour of pre-yielded drained test specimens (p′0 = 2500
kPa) for mix ratio 2:1:3, cured under atmospheric pressure for 7 days (f = 1.85%).
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Figure 5.38: Post-sheared pre-yielded specimens from drained triaxial tests with
isotropic overconsolidation ratio (a) greater than 6 (b) between 3 and 6 (c) less than 3.
Figure 5.39: Isotropic compression behaviour of pre-yielded fibre-reinforced cement-
treated clay specimens (f = 1.85%) cured under atmospheric pressure for 7 days,
presented in (a) linear scale (b) logarithmic scale.
Chapter 5. Yielding Behaviour of Fibre-Reinforced
Cement-Treated Clay 223
Figure 5.40: Comparison between the first yield locus of pre-yielded drained test
cement-treated specimens with and without fibre reinforcement for mix ratio (a) 2:1:4
(b) 2:1:3 (c) 5:1:6, cured under atmospheric pressure for 7 days (f = 1.85%).
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Figure 5.41: Comparison between the mid-yield yield locus of pre-yielded drained
test cement-treated specimens with and without fibre reinforcement for mix ratio (a)
2:1:4 (b) 2:1:3 (c) 5:1:6, cured under atmospheric pressure for 7 days (f = 1.85%).
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5.6.2 Evolution of yield locus
The evolution of the yield locus of fibre-reinforced cement-treated clay for three
different mix ratios is shown in Figures 5.42 and 5.43 for the first yield and mid-yield
respectively. As expected for both yield definitions, the size of the yield locus increases
with increasing isotropic pre-compression pressure because the material undergoes
a progressive densification. To investigate whether the successive yield loci share
the same aspect ratio, the yield points were normalised by their respective isotropic
pre-compression pressure. It must however be pointed out that the size of the first
yield locus in itself differs from that of the mid-yield locus for a given pre-compression
pressure. As mentioned previously, the contribution of the polypropylene fibres is more
significant at the mid-yield due to the greater deformation of the surrounding matrix
and thus enlarging the mid-yield locus. For this reason, the evolution of the first yield
locus will be analysed first in order to discount the influence of the fibres. Figure 5.44
shows the normalised first yield points plotted with their fitted yield locus and it can
be seen that the shape of the yield locus progresses from a steep arch to a flat ellipse.
This trend was also observed by Xiao et al. (2014) for unreinforced cement-treated clay
and they attributed it to breakage of cementation bonds or destructuration. Various
researchers (e.g. Xiao et al., 2016; Suebsuk et al., 2011; Suebsuk et al., 2010; Liu &
Carter, 2002) have modelled the destructuration of structured soils by considering the
change in shape of the yield locus. This will be looked at in closer details in Chapter
7.
To examine the contribution of fibres to the shape evolution of the yield locus,
the first yield, mid-yield and final yield points for a given pre-compression pressure
were normalised. The resulting plot is shown in Figure 5.45 for mix ratio 2:1:3 at
three different pre-compression pressures. When a fibre-reinforced cement-treated
clay specimen is sheared from the first yield to the final yield locus, some amount of
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destructuration is expected as the cementation bonds break down. At the same time,
the tensile forces in the fibres get mobilised due to the deformation of the cementitious
matrix. As Figure 5.45 demonstrates, the aspect ratio of the normalised mid-yield
locus and final yield locus are larger than the normalised first yield locus, indicating
that the fibres are able to slow down the destructuration process to a certain extent.
The final yield locus nonetheless has a smaller aspect ratio than the mid-yield because
the material continues to undergo loss of structure with increasing plastic strain. In
general, the change in aspect ratio is not so clearly discernible in the mid-yield and
final yield loci as in the first yield locus.
The above findings have demonstrated that the size and shape evolution of the
yield locus of fibre-reinforced cement-treated clay for a given mix ratio is governed by
three factors: the pre-compression pressure, the mobilisation of the frictional forces
provided by the fibres and the degradation of cementation bonds. These important
factors will be re-visited later in the thesis during the formulation of the constitutive
model for fibre-reinforced cement-treated clay, more precisely in the formulation of
the destructuration characteristics.
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Figure 5.42: Evolution of first yield locus of fibre-reinforced cement-treated clay
specimens (f = 1.85%) for mix ratio (a) 2:1:4 (b) 2:1:3 (c) 5:1:6.
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Figure 5.43: Evolution of mid-yield locus of fibre-reinforced cement-treated clay
specimens (f = 1.85%) for mix ratio (a) 2:1:4 (b) 2:1:3 (c) 5:1:6.
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Figure 5.44: Evolution of the normalised first yield locus of fibre-reinforced cement-
treated clay specimens (f = 1.85%) for mix ratio (a) 2:1:4 (b) 2:1:3 (c) 5:1:6.
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Figure 5.45: Evolution of the normalised locus of fibre-reinforced cement-treated
clay specimens (f = 1.85%) for mix ratio 2:1:3 at pre-compression (a) p′0 = 1500 kPa
(b) p′0 = 2000 kPa (c) p′0 = 2500 kPa.
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5.7 Summary of Findings
This chapter has investigated the yielding characteristics of fibre-reinforced cement-
treated clay for a range of cement content and total water content, with the wet
curing time being fixed at 7 days under atmospheric pressure. The yield stresses were
obtained by isotropic compression tests, drained triaxial tests and constant stress
ratio (η) tests, and the experimental results were analysed using a three-yield-point
framework consisting of the first yield, mid-yield and final yield. The main findings
are presented below:
(a) An initial size effect investigation on 50 mm × 100 mm and 100 mm × 200mm
specimens showed that the use of smaller specimens is sufficient to map the yield
locus of fibre-reinforced cement-treated clay. This is because deformation of the
specimen is still small along the yield locus so that strains are mainly elastic.
(b) The isotropic mid-yield stress was found to be about 50% higher than the isotropic
first yield stress and about 78% of the isotropic final yield stress. In any case, the
isotropic yield stresses could be linearly correlated to the unconfined compressive
strength for all the mix ratios that were investigated.
(c) For non-pre-yielded specimens, a unique initial yield locus could be mapped out
to fit the experimental data points, depending on the yielding definition adopted.
For specimens whose bond yield ratio was greater than 6, the mid-yield and final
yield points were not considered as the specimens might not behave uniformly
after the occurrence of cracks. When the all yield points were normalised by their
respective isotropic yield stress (for a given yield definition), it was shown that
a single yield locus could be fitted through the normalised yield points. This
indicates that the initial yield locus of fibre-reinforced cement-treated clay has the
same shape, irrespective of the mix ratio.
(d) It was also observed that the cement content, total water content and fibre
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addition have a similar effect on the size of the initial yield locus as the unconfined
compressive strength, increasing with cement content and fibre content, and
decreasing with total water content.
(e) For pre-yielded specimens, a yield locus could also be drawn with a reasonably
acceptable fit through the yield points for each yield definition. For the mid-yield
and final yield, specimens with an isotropic overconsolidation ratio greater than
6 were again not used for fitting due to cracking/fissuring. The normalised first
yield loci showed that their shape progressed from a steep arch to a flatter ellipse
with increasing destructuration. It was also observed that the mobilisation of the
fibres’ friction was able to slow down that shape degradation.
(f) For pre-yielded specimens, it was also noted that fibre-reinforced cement-treated
clay specimens shared the same first yield locus as unreinforced cement-treated clay
specimens for the same pre-compression pressure. This could be attributed to the
cementation bonds playing a dominant role within the first yield region of the pre-
yielded material. On the contrary, the mid-yield locus of fibre-reinforced cement-
treated clay has a higher vertical aspect ratio than its unreinforced counterpart
due to the load-transfer mechanism from matrix to the fibres.
(g) Finally, the size and shape evolution of the yield locus of fibre-reinforced cement-
treated clay was found to be dependent on the pre-compression pressure, the
degradation of the cementation bonds and the mobilisation of friction in the fibres.
After having examined the yielding properties of fibre-reinforced cement-treated
clay, the next chapter will investigate the possibility of a critical state for this material.
There is a need to define an ultimate stress state towards which fibre-reinforced
cement-treated clay progresses with continuous shearing. This is an important aspect
of constitutive modelling.
Chapter 6
A Critical State Parameter for
Fibre-Reinforced Cement-Treated Clay
This chapter aims at defining a state that is suitable as an ultimate state for fibre-
reinforced cement-admixed Singapore marine clay. Firstly, the critical state framework
is briefly introduced and a review of the related past studies on cement-admixed soil
is given, focusing on the works of Xiao et al. (2016) who proposed an ultimate state
for cement-admixed Singapore marine clay. Various methods of obtaining the critical
state coefficient of friction for fibre-reinforced cement-treated clay are then proposed.
These include performing triaxial tests on: 1) intact specimens (not subjected to any
remoulded action prior to testing) with different slenderness and end conditions; 2)
remoulded fibre-reinforced cement-treated clay specimens. Finally, the experimental
results are compared against each other, backed by scanning electron microscope
(SEM) images.
6.1 Background
The critical state soil mechanics framework (Roscoe et al. 1958) suggests that if
a soil is continuously sheared, it will flow as a frictional fluid and eventually come
to a well-defined end state which represents its ultimate failure. At critical state,
there is no further change of state, that is, stress and volume. While the strength
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of non-cemented soils comprises of interlocking and critical state friction, naturally
or artificially cemented soils possess an extra inherent structure that needs to be
considered in the critical state framework. Several studies (e.g. Burland, 1990;
Leroueil & Vaughan, 1990; Cotecchia & Chandler, 2000; Baudet & Stallebrass, 2004;
Chin, 2006; Xiao & Lee, 2014) have used an intrinsic state to model the ultimate
failure of structured soils.
While critical state is well-defined as a theoretical concept, its identification in
experimental studies is not completely straightforward. For natural soil, Burland (1990)
defined the intrinsic properties of natural clay as its inherent properties independent of
fabric and bonding. Expanding this analogy to artificially cemented soils, the intrinsic
state corresponds to a destructured state whereby all the cementitious bonds have
been broken. Burland (1990) further proposed that the properties of reconstituted soil
to be used as intrinsic or reference state. The process of reconstituting a soil consists
of remoulding it to break down any particle aggregation, destroy shear planes and
large pores, and thus producing a more uniform material fabric at the macroscale level
(Fearon & Coop, 2000). Burland (1990)’s method for reconstituting natural soils has
been well-recognised; it involves reconstituting the soil at a water content between
the liquid limit and 1.5 times the liquid limit without air drying nor oven-drying and
subsequently re-consolidating it under one-dimensional stress conditions. Mitchell
(1976) recognised that the behaviour of reconstituted soils was dependent on the
amount of remoulding and mixing efforts. Fearon & Coop (2000) investigated high
and low energy remoulding methods on scaly clay and noted that the ‘reconstitution
method’ - a slight variation of Burland (1990)’s method - produced a more homogenous
fabric, with a more similar microstructure to that of the natural material.
Burland (1990)’s ‘intrinsic’ state relates only to structured or cemented soils. How-
ever, even for remoulded soils, the identification of the critical state is not necessarily
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straightforward. For instance, in undrained shear strength measurements, one can
identify an ‘undisturbed’ and a ‘remoulded’ shear strength (e.g. Hong et al. 2006).
Boukpeti et al. (2012)’s results showed that even remoulded soils can manifest a very
low ‘remoulded’ strength at very large strains, which is significantly lower than its
critical state strength.
For unsaturated compacted lateritic gravel, Toll (1990) showed that different
critical state friction coefficients (M) can be obtained depending upon the degree
of saturation. Toll (1990) attributed this to the existence of aggregated fabric. For
cement-admixed marine clay, Chin (2006) showed that loss of structure is not abrupt,
but progressive. The initial stage is characterized by a breakage of the cemented
matrix into particles. Subsequent loss of structure involves the degradation of particles
from large-size granules into progressively finer particles, over a very large range of
strain ranging into hundreds of percent. Chin (2006) showed that during this process,
the friction coefficient decreases continuously. Chin (2006) also noted that the notion
of soil grains as particles which can be damaged or ground down in size is different
from the conventional view of soil as an assemblage of unbreakable grains, wherein a
critical state is attained once interlocking is lost. All these imply that critical state is
not necessarily a state that is completely independent of fabric and structure and that
different critical states may be defined depending upon the initial state of the soil and
the stage of destructuration.
6.1.1 Ultimate state for cement-admixed soil (without fibres)
The ultimate state of cemented soils has also been investigated by some researchers.
For instance, Airey (1993) identified the ultimate failure of naturally cemented car-
bonate sand by performing a series of drained and undrained triaxial tests and was
able to map its critical state line. Kasama et al. (2000), Horpibulsuk et al. (2004)
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and Chin (2006) adopted a similar approach to obtain the ultimate state of artificially
cement-treated clay. In the above studies, the slenderness ratio of the test specimens
was kept at 2 and testing was carried out under conventional triaxial test conditions.
Xiao (2009) explored three methods to define an ultimate state for cement-treated
Singapore marine clay namely standard (tall) specimens (diameter: 38 mm, height: 76
mm), short specimens (diameter: 38 mm, height: 38 mm) and remoulded pulverized
specimens. A summary of his results are shown in Table 6.1. From the data in
Table 6.1, it appears that the friction angle of cement-treated clay is governed by the
fineness of the aggregates. This is also similar to the conclusion reached by Chin (2006).
Table 6.1: Summary of friction coefficients and microstructure description of unrein-







Short CIU specimens Large aggregates stilldiscernible 2.6 65.1
Long CIU specimens under
low effective confining stress
(inside rupture plane)
Aggregates still visible but
there seems to be some
amount of break-up
1.6 - 1.88 39.2 - 45.7
Remoulded, pulverized
cement-treated marine clay
Aggregates still visible but
there seems to be some
amount of break-up
1.5 - 1.70 36.9 - 41.5
Long CID specimen under
high effective confining stress
(inside rupture plane)
Aggregates appears to be
severely broken up into fine
particles
0.75 - 0.96 19.5 - 24.4
Several studies have used the properties of remoulded/reconstituted soil as a
destructured or intrinsic state. Adopting a similar approach, Xiao (2009) used re-
moulded pulverized cement-treated clay specimens to define an unstructured state
for cement-treated marine clay. The remoulding procedure consisted in drying the
cement-admixed soil in an oven, followed by pounding and grinding the dried soil into
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powder. Undrained triaxial tests were then conducted on the remoulded specimens
and the ultimate failure line was determined from undrained stress paths as shown in
Figure 6.1.
Figure 6.1: Undrained triaxial shearing behaviour of remoulded cement-treated
marine clay specimens which were remoulded from cement-treated marine clay with
50% cement content and 133% total water content and cured under atmospheric
pressure for 7 days: (a) Experiment and simulated stress path (b) deviator stress-
strain curve (c) pore pressure versus axial strain. (Xiao, 2009).
Chapter 6. A Critical State Parameter for Fibre-Reinforced
Cement-Treated Clay 238
Chin (2006) reported that the length of the remoulding time significantly affects
the particle size distribution of the resulting remoulded assemblage. In fact, the
determination of particle size for cement-treated soils is a complex issue because
different amount of remoulding will lead to different sizes of aggregates. For example,
the particle size distribution curves in Figure 6.2 shows that the shorter the remoulding
period, the coarser the cementitious particles. It can also be observed that the ‘4-hour
remoulding’ curve is still different from that of ‘cement-clay’ particles mixed with
ethanol (to inhibit cementation reactions), indicating that some of the cementitious
bonds are strong enough to resist the substantial remoulding efforts. However, it
is questionable whether the ‘cement-clay’ particles suspended in ethanol represent
the true destructured state of the material. Chew et al. (2004) mentioned that the
hydration and pozzolanic reactions change the microstructure and mineralogy of clay
mixed with cement powder. The particle size distribution results obtained from a
Mastersizer (by laser diffraction) and deduced from Mercury Intrusion Porosimetry
analysis seemed to indicate that the particle size generally increases with cement
content, as compared to the untreated clay. Kamruzzaman et al. (2009) also reported
through scanning electron microscope (SEM) images that the size of the cementitious
particles decreases as they become crushed under the action of compressive and
shearing stresses. However, the extent of crushing of the said particles has not been
quantified and hence the ultimate state of cement-treated clay remains unknown.
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Figure 6.2: Grading curves for remoulded cement-treated clay with different remould-
ing periods (Chin, 2006).
The foregoing findings reported by Chin (2006), Chew et al. (2004) and Kamruzza-
man et al. (2009) seem to suggest that cementitious-clay particles do not behave the
same way as the ‘classical’ soil grain, which is assumed to be incompressible and un-
breakable. In addition, soil particles are generally assumed to be free from possibilities
of degradation, thereby giving a unique critical state line for a particular soil. This
clearly cannot be assumed for cement-treated soil, - and even so for fibre-reinforced
cement-treated soil - which contains primary and secondary cementitious products.
Nevertheless, Xiao (2009) used a fixed remoulding effort in his study, recognising
that the use of remoulded cement-treated specimens might not necessarily be the real
ultimate state, but one towards which the material evolves with continuous shearing.
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Hence, Xiao (2009) assumed that the critical state coefficient of friction for unreinforced
cement-treated clay is a material constant, depending solely on the mix proportion,
curing time and curing stress.
6.1.2 Ultimate state for fibre-reinforced soils
Many researchers (e.g. Diambra & Ibraim, 2014; Estabragh et al., 2011; Silva Dos
Santos et al., 2010) have used critical state soil mechanics to describe the ultimate
state of fibre-reinforced soils. Diambra & Ibraim (2014) modified the equation of
the critical state line, more precisely the ‘mean effective stress’ term, to include the
frictional contribution of fibres to sand. At mean effective stresses below a stress value
at which fibre breakage occurs, p∗crit (Gray & Ohashi, 1983), the critical state line of
the reinforced soil lies above that of the unreinforced soil. Once the critical stress
value is exceeded, fibre breakage occurs so that the behaviour of the reinforced soil
merges with that of the unreinforced soil at large strains. An illustration is shown in
Figure 6.3. A similar approach was adopted by Nguyen & Fatahi (2016) to model the
critical state line of fibre-reinforced cement-treated clay.
Figure 6.3: Modelling of the Critical State line for fibre-reinforced sand from: (a)
Diambra & Ibraim (2014) (b) Silva Dos Santos et al. (2010).
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Consoli et al. (2007) evaluated the performance of fibre-reinforced sand at large
shear strains in a ring shear apparatus. Different lengths of polypropylene fibres,
namely 6 mm, 12 mm and 24 mm were explored and the fibre content was kept at
0.5% of the dry weight of sand. Although the test specimens were sheared up to
almost 4000% shear strain, the experimental results were re-analysed around 40%
strain herein to investigate the variation of the critical state coefficient of friction
M with fibre length (or aspect ratio). In another study, Attom & Al-Tamimi (2011)
carried out direct shear tests on silty sand reinforced with polypropylene (PP) fibres
of different lengths. Their experimental data were also reinterpreted and is shown in
Figure 6.4. Figure 6.4 demonstrates that the relationship between fibre aspect ratio
and the friction coefficient seems to be linear for both studies. The steeper line from
Attom & Al-Tamimi (2011) is probably due to the much higher fibre content used,
which was 7.36% by volume compared to 0.76% by Consoli et al. (2007).
Figure 6.4: Plot of critical state coefficient of friction against fibre aspect ratio,
extracted from some past research works on fibre-reinforced soils.
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Studies from other researchers (e.g. Attom & Al-Tamimi, 2010; Estebragh et al.,
2011; Anagnostopoulos et al., 2013, 2014; Uddin et al., 2011) have also investigated
the stress-strain behaviour of fibre-reinforced soils but not specifically addressed the
critical state aspect of the material. The experimental results from their studies can
be further analysed to determine the value of M and its variation with fibre content.
It must be highlighted that since the definition of fibre content adopted in each study
was different from each other and also different from the current study, the equivalent
fibre dosage had to be re-calculated in order to comply with the current definition.
Furthermore, the value of M was calculated at either about 20% strain or at a strain
level whereby the stress became constant, whichever occurred first. The change in M
against volumetric fibre content is plotted in Figure 6.5 and the associated experimental
parameters are summarised in Table 6.2.
Figure 6.5: Plot of critical state coefficient of friction against volumetric fibre content,
extracted from some past research works on fibre-reinforced soils.
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Table 6.2: Summary of experimental parameters and change in the critical state
















Consoli et al. (1999) Sand 0.1
0 Glass
fibre 287
0 - 1.68 0.31
1 0 - 1.70 0.31
Consoli et al. (2007) Sand ∼ 0.3 0 PP 0 - 1043 0.76 -
Attom & Al-Tamimi
(2010) Silty sand ∼ 0.3 0 PP 154 0 - 7.36 0.099
Attom & Al-Tamimi
(2010) Silty sand ∼ 0.3 0 PP 0 - 154 7.36 -
Estebragh et al. (2011) Silty clay - 0 Nylon 2 0 - 30 0.033
Uddin et al. (2011) Sand 0.47
0
PP 957
0 - 0.85 0.106
5 0 - 0.82 0.281
Anagnostopoulos et al.
(2013)
S1 Sand 0.80 0
PP 400 0 - 0.5
0.188
S2 sand 0.35 0 0.836
S4 sand 0.13 0 0.522
Anagnostopoulos et al.
(2014) Silty clay -
0 PP-f1 400 0 - 0.7 0.655
0 PP-f2 480 0 - 0.7 0.527
Nguyen & Fatahi
(2016) Clay - 15 PP 1059 0 - 0.5 0.754
Remarks:
1. D50 refers to the mean grain diameter.
2. The symbol ’∼’ indicates that the mean grain diameter was deduced
from the information provided in the paper such as d10, d30 and d60.
From Figure 6.5, the inclusion of fibres seem to increase the friction angle of soils
at critical state and the friction coefficient M appears to increase linearly with fibre
content for all the studies. However, the underlying mechanism causing this remains
uncertain. As mentioned previously, some researchers have assumed fibre-reinforced
soils and their unreinforced counterparts to share the same critical state upon rupture of
the fibres, which happens at the ‘critical’ stress level (Gray & Ohashi, 1983). However,
it can be argued that even after their rupture, the fibres can still contribute to the
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frictional resistance, to a certain extent; at the microscopic level, if one imagines that
the soil grains and the broken fibres are rubbing against each other during shearing,
the plastic flow of the soil particles is partially restricted and the process gives rise to
an additional component of frictional energy dissipation. On a macroscopic scale, this
increment in frictional energy dissipation may be reflected as an increase in the critical
state coefficient of friction. Similarly, after fibre pull-out occurred, the contact and
interaction between the ‘loose’ strands and the soil particles will mobilize additional
friction. Consequently, the increase in M with fibre content as observed in Figure 6.5
is reasonable. From the same figure, it is also observed that the gradient of the fitted
lines differs across various studies and it could be due to several factors such as the
fibre aspect ratio, type of fibre, fineness and characteristics of the soil particles and
cement content.
Michalowski (1997) and Michalowski & Cermak (2003) reported that the relative
size of the soil grains with respect to the size of the fibres in a fibre-reinforced
composite plays an important role in the effectiveness of the fibre reinforcement. They
recommended that the length of the fibres should be at least one order of magnitude
larger than the size of the soil grains for effective friction mobilisation at the soil-fibre
interface. When the fibre length approaches the grain size, this mechanism cannot be
activated. Jiang et al. (2010) investigated the effect of aggregate size on the unconfined
compressive strength of fibre-reinforced soil and observed that the strength of the
composite decreased as the mean aggregate diameter increased from 0.5 mm to 7.5
mm. From Table 6.2, the interpreted results - for similar type of fibre, fibre ratio and
fibre content - from Anagnostopoulos et al. (2013) and Anagnostopoulos et al. (2014)
show that the rate of change in M with fibre content (δM/δf) is higher for the silty
clay than the sandy soil, which is consistent with the findings of Michalowski (1997)
on the effectiveness of soil particles-fibre interaction.
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Michalowski & Cermak (2003) also examined the effect of fibre aspect ratio on
the interface interaction between sand and polyamide fibres. They reported that an
increase in fibre aspect ratio resulted in a higher strength of the composite. This is
due to the increase in the effective contact area between the soil grains and the fibres
(Tang et al., 2007). The results from Table 6.2 show that for a sand with a mean grain
size of approximately 0.3 mm, the δM/δf ratio increases with increasing fibre aspect
ratio, which is consistent with the observations of Michalowski & Cermak (2003).
6.2 Ultimate State for Fibre-Reinforced Cement-
Treated Clay
Research work on the ultimate state of fibre-reinforced cement-treated soil remains
scarce. A few studies such as Consoli et al. (1999), Uddin et al. (2011) and Nguyen &
Fatahi (2016) investigated the stress-strain behaviour of fibre-reinforced cement-treated
soils in triaxial tests but the focus of their work was not the ultimate failure state of
fibre-reinforced cement-treated soil. Figure 6.6 shows the critical state coefficient of
friction estimated from their experimental data. It should be noted that the confining
pressures used by Uddin et al. (2011) ranged from 100 kPa to 20 MPa and that
beyond 1 MPa, the friction coefficient decreased significantly. Uddin et al. (2011)
also mentioned that the effect of fibre reinforcement became negligible at very high
confining pressures but no explanation was provided. One possible reason is that
the crushing of sand/cemented sand particles under high mean effective stresses may
counteract the increase in friction coefficient due to fibre pullout. This is supported by
Uddin et al. (2011)’s results on pure sand which indicated that the friction coefficient
also decreased at high confining pressures, due possibly to particle crushing. In view
of this, Uddin et al. (2011)’s data with confining pressure above 1 MPa was not
considered in the current analysis. Figure 6.6 and Table 6.2 show that the study
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by Nguyen & Fatahi (2016) returned the highest δM/δf value because of the high
cement content and the high fibre aspect ratio. The use of clay in the matrix was also
beneficial due to its smaller grain size.
Figure 6.6: Plot of critical state coefficient of friction against volumetric fibre content
extracted from some past research works on fibre-reinforced cement-treated soils.
Understanding the ultimate failure of fibre-reinforced cement-treated soil is a
key element in formulating a constitutive model for this composite material. The
findings from the literature review has revealed that cement content affects the friction
coefficient at critical state. While cement contents of up to 70% have been studied
by Correia et al. (2015) for fibre-reinforced cement-treated clay, they did not address
the critical state of the material. Furthermore, research on what would constitute an
appropriate intrinsic state for fibre-reinforced cement-treated clay is very scarce. The
methods presented in the following sections attempt at identifying a critical state line
for fibre-reinforced cement-treated clay rich in cement, based on the findings of Xiao
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(2009) for unreinforced cement-treated clay.
6.2.1 Remoulded crushed cement-admixed clay specimens
The possibility of using remoulded pulverized specimens as an ultimate failure state
for fibre-reinforced cement-treated clay was explored by adopting a fixed remoulded
effort and remoulding time. As a measure to verify the reproducibility of Xiao (2009)’s
‘remoulded’ state in the current study, undrained triaxial tests were first carried out
on remoulded unreinforced cement-treated specimens. Two mix ratios were chosen
for comparison namely 2:1:4 and 2:1:3. The specimens were prepared as per section
3.3 and were cured under water for 7 days under atmospheric pressure, before being
remoulded. The remoulded material was then one-dimensionally reconsolidated under
a vertical effective stress of 75 kPa. A more detailed description of the procedure can
be found in Section 3.4.7. Figures 6.7 and 6.8 show the undrained triaxial behaviour of
remoulded cement-treated marine clay for mix ratio 2:1:4 and 2:1:3 respectively. The
naming convention used herein is CIU p′c, where p′c is the effective confining stress at
the start of shearing. The remoulded specimens were isotropically re-consolidated to a
particular effective confining pressure of p′c before being sheared undrained. From both
figures, the value of the friction coefficient M was about 1.70 (φ′ = 41.5◦) for both
mix ratios. The same friction coefficient value of 1.70 was reported by Xiao (2009) for
the same mix ratios. The good agreement in the friction coefficients suggest that the
degree of remoulding achieved in the current study is comparable to Xiao (2009) and
the same methodology will be adopted for remoulded fibre-reinforced cement-treated
clay.
The specimen preparation method for remoulded fibre-reinforced cement-treated clay
is largely similar to its unreinforced counterpart. It is postulated that the remoulding
action would destroy any inherent structure (cementation) within the cement-treated
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clay matrix so that the fibres and the cementitious clay particles inside the remoulded
specimen would be held together by pure friction and interlocking only. One additional
precaution that was taken was to avoid grinding the material in the coffee grinder so as
not to rupture the polypropylene fibres. Undrained triaxial tests were then carried out
on these remoulded fibre-reinforced specimens, with the experimental results shown in
Figures 6.9 - 6.11. As opposed to the remoulded specimens without fibres, the deviator
stress-strain curves now show a strain-hardening behaviour before eventually reaching
a stable stress value at about 18% strain. This is attributed to the fibre reinforcement
which provides ductility to the remoulded cement-clay matrix. The critical state
coefficients of friction which were obtained in this case were 1.85 (φ′ = 50.0◦), 2.30 φ′ =
56.2◦) and 2.30 (φ′ = 56.2◦) for the 5:1:6, 2:1:4 and 2:1:3 mix ratio respectively. The no-
table increase in the critical state coefficient of friction due to the fibre inclusion agrees
well with the re-analysed data of other researchers (e.g. Consoli et al.,1999; Uddin et
al., 2011; Nguyen & Fatahi, 2016) and will be discussed in further details in Section 6.4.
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Figure 6.7: Undrained triaxial shearing behaviour of remoulded unreinforced cement-
treated marine clay specimens with 50% cement content and 133% total water content,
wet-cured under atmospheric pressure for 7 days. (a) Stress path (b) Deviator stress -
strain curve (c) Excess pore pressure vs. axial strain curve.
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Figure 6.8: Undrained triaxial shearing behaviour of remoulded unreinforced cement-
treated marine clay specimens with 50% cement content and 100% total water content,
wet-cured under atmospheric pressure for 7 days. (a) Stress path (b) Deviator stress -
strain curve (c) Excess pore pressure vs. axial strain curve.
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Figure 6.9: Undrained triaxial shearing behaviour of remoulded fibre-reinforced
cement-treated clay specimens (f = 1.85%) with 50% cement content and 133% total
water content, cured under atmospheric pressure for 7 days. (a) Stress path (b)
Deviator stress - strain curve (c) Excess pore pressure vs. axial strain curve.
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Figure 6.10: Undrained triaxial shearing behaviour of remoulded fibre-reinforced
cement-treated clay specimens (f = 1.85%) with 50% cement content and 100% total
water content, cured under atmospheric pressure for 7 days. (a) Stress path (b)
Deviator stress - strain curve (c) Excess pore pressure vs. axial strain curve.
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Figure 6.11: Undrained triaxial shearing behaviour of remoulded fibre-reinforced
cement-treated clay specimens (f = 1.85%) with 20% cement content and 100% total
water content, cured under atmospheric pressure for 7 days. (a) Stress path (b)
Deviator stress - strain curve (c) Excess pore pressure vs. axial strain curve.
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6.2.2 Intact fibre-reinforced cement-treated specimens
6.2.2.1 Shear banding
As Figure 6.12 shows, the typical failure mode of an intact unreinforced cement-
treated specimen with an aspect ratio of 2 (Xiao 2009) is characterized by a shear
band. The formation of shear bands during triaxial testing has been well-studied over
the years. As a rupture plane develops across a test specimen during shearing, strain is
localised within the shear band, causing the neighbouring region to rebound elastically
(Burland, 1990). Stress, pore pressure and volumetric change across the specimen
become non-uniform. Factors such as slenderness ratio and end restraints are known
to influence the stress-strain behaviour of triaxial test specimens (e.g. Bishop & Green,
1965; Lade & Wasif, 1988; Goto & Tatsuoka, 1988; Sheng et al., 1997; Abdulla &
Kiousis, 1997a, 1997b; Amsiejus et al., 2009). For instance, Abdulla & Kiousis (1997a,
1997b) remarked that shearing of a typical sample, with height/diameter ratio of 2 or
higher, would tend to result in the formation of a single distinct shear band, where the
particles were crushed and aligned in the orientation of the shear plane. This resulted
in a non-uniform strain distribution within the specimens, with the strain being higher
within the shear band. Overall, these specimens displayed lower strengths. Thus,
shearing a shorter sample resulted in a more accurate and uniform representation of
the actual material behaviour and it was suggested that a height/diameter ratio of
unity would yield more representative results for an element test. As for the effect
of end lubrication, it is well-reported that the friction between the sample ends and
the pedestal/top cap causes an increase in the measured shear strength. Bishop &
Green (1965) conducted drained triaxial tests on compacted sand and mentioned that
specimens with a slenderness ratio of 1 and 2 gave the same strength when tested
with lubricated ends. It was also reported that as the specimen slenderness decreased,
the influence of end restraint became more significant. Similar findings were reported
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by Rowe & Barden (1964). Sheng et al. (1997) carried out finite element analysis to
study the effect of end restraint on the drained and undrained behaviour of clay in a
triaxial test. It was observed that the end friction restrained the outward movement
of the specimen, causing localised development of shear stresses which is associated to
local shear strain. The latter eventually led to the formation of shear plane. Sheng et
al. (1997) also mentioned that the localised maximum shear stresses were higher in
drained tests.
Figure 6.12: Post-sheared unreinforced cement-treated clay specimens with an aspect
ratio of 2 for mix ratio 2:1:4, sheared undrained at an effective confining stress of 1000
kPa and tested with (a) rough ends (b) smooth ends (Xiao, 2009).
Xiao (2009) validated the above findings by comparing drained triaxial tests per-
formed on 38 mm × 76 mm slender cement-treated samples with rough porous stones to
38 mm × 38 mm short samples with smooth porous ends. The effect of the end platen
size was also investigated. It was observed that the slender samples exhibited early
formation of shear bands which caused them to fail at lower strains as opposed to the
short samples with smooth ends, as shown in Figure 6.13 (a). Through SEM analysis,
the degree of particle break-up was observed to be more severe in the shear band than
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in the short specimens. Xiao (2009) also noted that the critical state line obtained
from the short specimens is much steeper than the conventional long specimens (see
Figure 6.13 (b)). He concluded that a combination of the following factors would lead
to the formation of multiple shear bands: 1) Enlarged and low-friction end platens; 2)
test specimens with a slenderness ratio of unity. While specimens with multiple shear
planes are not representative of a completely uniform soil specimen, they do indicate
a more uniform soil behaviour than soil specimens with a single shear band (Xiao, 2009).
Figure 6.13: Comparison between conventional specimens and short specimen in
drained triaxial test for mix ratio 2:1:4, with effective confining stress 500 kPa (b)
Critical state line of conventional specimens and short specimens (Xiao, 2009).
6.2.2.2 Drained triaxial test results
In the current study, drained triaxial tests were performed on 100 mm × 100
mm (hereafter termed ‘short’) and 100 mm × 200 mm (hereafter termed ‘slender’)
specimens. Two mix ratios namely 2:1:4 (cement content 50% and water content
133%) and 5:1:6 (cement content 20% and water content 100%) were investigated and
samples were cured in water for 7 days under atmospheric pressure. As shown in
Figures 6.15 (a) and 6.16 (a), the slender samples exhibited strain-softening behaviour,
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with the peak stress occurring at a shear strain of 13% to 15%. A single shear plane
was observed on both specimens, with numerous smaller cracks all around (see Figure
6.14 (a)). Due to the formation of these rupture bands and hence strain localization,
it is questionable whether the test specimens have reached critical state. Leroueil
(1997) mentioned that strain localization causes the void ratio in the shear band to
be different from that in the rest of the sample. Cuccovillo and Coop (1999) made a
similar remark for silica sandstone and noted that the stress ratio inside the rupture
plane was comparable to that at an ultimate state. Assuming that the soil inside the
shear plane is close to critical state, a critical state friction coefficient M = 2.03 (φ′ =
49◦) and M = 1.60 (φ′ = 39.2◦) is obtained for 2:1:4 mix ratio and 5:1:6 mix ratio
respectively, at a macroscope strain level of 20%. The results of drained triaxial tests
conducted at similar effective confining stresses on slender unreinforced cement-treated
clay specimens gave M = 1.72 (φ′= 42◦) for 2:1:4 mix ratio (Xiao, 2009) and M = 1.05
(φ′ = 26.5◦) for 5:1:6 mix ratio (Chin, 2006). The higher value of M as obtained for
the reinforced specimens is consistent with the notion of additional frictional resistance
along the shear plane due to fibre pull-out, as discussed in section 6.1.2.
As shown in Figures 6.15 and 6.16, the deviator stress-train curve of short specimens
never reach an ultimate state. Strain hardening is observed, with an inflection point
at a similar strain at which slender specimens exhibit peak stress. The possible cause
for strain-hardening due to the continuous curing of the samples was excluded because
this effect was not observed for the slender samples, which were loaded at the same
rate of 0.01 mm/min. Furthermore, the testing time to reach the inflection point was
slightly more than 1 day and hence, curing would have unlikely been of a significant
influence. Another possible reason could be the volumetric decrease of the specimen,
which induces a densification effect. This is supported by post-failure observation,
which showed multiple cracking all over the specimens rather than a major shear
plane (see Figure 6.14 (b)), with substantial bulging. As the void ratio decreases,
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the fibres and cementitious particles are pressed closer together, with cementitious
particles embedding themselves into the fibres. If this occurs, it will increase the
pull-out resistance of fibres, leading to an increase in strength. At the end of the tests,
the stress ratios (q/p′) were about 2.3 and 2.1 for the 2:1:4 mix ratio and 5:1:6 mix
ratio respectively. If these stress ratios are taken as the critical state friction coefficient,
this translates into a friction angle of 56.2◦ and 51.1◦ respectively, this being indicative
of significant friction mobilisation within the matrix. This observation agrees with
Vardoularkis (1978) who noted that the formation of a rupture plane can be mitigated
by reducing the distance of the end caps.
The short specimens from the 2:1:4 mix ratio were also tested under different
conditions of end restraint namely smooth (through the use of Teflon sheets) and
rough (use of porous stones). As shown in Figure 6.15 (a), the specimen with smooth
ends seems to exhibit a similar behaviour as its rough-end counterpart except a slight
difference in the stress-strain curve. This contradicts the observation made by Bishop
& Green (1965) who mentioned that short specimens with high friction platens tended
to have a higher apparent peak strength. Notwithstanding the difference in the initial
specific volume, Figure 6.15 (b) shows no clear contrast in the compression curves of
the short specimens for smooth and rough ends. This shows that the higher strength
exhibited by the smooth-end specimen is not reflected in the compression space and is
indicative that this phenomenon is not a consequence of the end restraint but may be
due to other factors such as the area correction or even specimen-to-specimen variation.
While Bishop & Green (1965) sheared their sand specimens up to an axial strain of
about 25% in their experiments, a maximum axial strain of 50% was used in the current
study. At such high strains, the conventional area correction as prescribed by the
Eurocode EN 1997-2:2010 might not be relevant due to the severe distortion of the test
specimen. Since the rough-end and smooth-end short fibre-reinforced cement-treated
clay specimens behave similarly up to the inflection point (axial strain of ∼30% and
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deviator strain of ∼15%), the effect of end restraint on the stress-strain behaviour of
such specimens may not be very significant.
Figure 6.14: Post-failure CID400 specimens for the 2:1:4 mix ratio, cured 7 days
under atmospheric pressure: (a) 100 mm × 200 mm specimens (slender) with rough
ends (b) 100 mm × 100 mm specimen (short) with rough ends (c) 100 × 100 mm
specimens (short) with smooth ends.
The above results indicate that drained triaxial tests on short samples do not
provide a suitable means of identifying an ultimate state for fibre-reinforced cement-
treated clay. Hardening behaviour was observed with no signs of the deviator stress
stabilising. In fact, the stiffness of the specimens seems to increase again after an
inflection point. The specimens became so stiff that in the case of the 2:1:4 specimen
with smooth ends, the test was terminated because of the safety limit of the load cell
which is 64 kN. For this reason, undrained triaxial tests were subsequently conducted,
as discussed in the following section.
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Figure 6.15: Comparison between slender (conventional) specimens and short speci-
men in drained test for mix ratio 2:1:4, with effective confining stress 400 kPa: (a)
Deviator stress-strain curve (b) Stress path (c) Compression curve.
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Figure 6.16: Comparison between slender (conventional) specimens and short speci-
men in drained test for mix ratio 5:1:6, with effective confining stress 400 kPa: (a)
Deviator stress-strain curve (b) Stress path (c) Compression curve.
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6.2.2.3 Undrained triaxial test results
Undrained triaxial tests were performed on short (100 mm × 100 mm) with enlarged
low friction end platens. As Table 6.3 shows, three mix ratios namely 2:1:4 (cement
content 50%, water content 133%), 2:1:3 (cement content 50%, water content 100%)
and 5:1:6 (cement content 20%, water content 100%) were investigated and the samples
were cured in water for 7 days under atmospheric pressure. A specimen of unreinforced
cement-treated clay was also tested for comparison. The number following the prefixes
represents the effective consolidation pressure (p′c) in kPa. The mix ratio (s:c:w) will
also be included in the identifier to indicate the mix ratio in-text.
Table 6.3: Summary of the undrained triaxial tests conducted on short and intact














Tests conducted (CIU p′c)
5:1:6 20 100
0 CIU 1000
1.85 CIU 500, CIU 1000
2:1:4 50 133
0 CIU 1000
1.85 CIU 500, CIU 1000, CIU 1500
2:1:3 50 100
0 CIU 1000
1.85 CIU 500, CIU 1000, CIU 1500
From Figures 6.17 - 6.19, it can be seen that the deviator stress and the pore water
pressure reached a steady state at about 20% strain for unreinforced specimens. On the
other hand, the deviator stress of fibre-reinforced specimens shows a decrease followed
by an increase, albeit at a much lower rate than that of drained specimens (Figures
6.15 and 6.16). The stress paths of the fibre-reinforced cement-treated clay trended
towards the tension cut-off line and followed it closely towards the end of the tests.
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In the test 2:1:4-CIU 500, the stress path touched the tension cut-off line indicating
that undrained conditions could no longer be maintained within the specimen. On
the contrary, the stress path of the unreinforced cement-treated clay did not actually
reached the tension cut-off line. An alternative way to interpret the observed trend is
that for the same deviator stress, the fibre-reinforced cement-treated clay generates
more excess pore pressure as compared to its unreinforced counterpart. The undrained
triaxial tests performed by Nguyen & Fatahi (2016) on fibre-reinforced cement-treated
clay showed similar trends. Li (2005) noted that the greater increase in pore water
pressure for fibre-reinforced soils can be attributed to the restraining effect of fibres on
the dilatancy of the soil. Park (2011) also likened the inclusion of fibres to an increase
in the confining stress on unreinforced soils because it restricts the movement of the
soil grains.
As already mentioned, the deviator stress-strain curves for the fibre-reinforced
cement-treated specimens did not reach a constant stress at a shear strain of almost
50%, whereas the pore pressure response suggests that a steady state has been reached.
The deviator stress is calculated based on the assumption that the specimen deforms
plastically as a perfect cylinder throughout the test, with a uniform cross-sectional
area along its height. The progressive change in shape and size of the test specimen
with increasing axial strain is shown in Figure 6.20. It can be observed that beyond
20% shear strain, the specimen became highly distorted, as shown by the yellow dotted
lines. Figure 6.20 (b) shows that at a shear strain of 29%, multiple shear bands were
already formed and fragments were detaching from the material. As such, the test
specimen ceased to deform as a perfect cylinder at high strains. On this basis, it was
decided that the data points beyond 22% shear strain shall be disregarded. On that
account, these fibre-reinforced cement-treated clay specimens are assumed to have
reached ultimate failure at 22% shear strain and the critical state line is drawn on the
q-p′ stress space in Figures 6.17 - 6.19. The critical state coefficient of friction obtained
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for mix ratios 2:1:4, 2:1:3 and 5:1:6 are 2.80 (φ′ = 72.7◦), 2.76 (φ′ = 70.9◦) and 2.70
(φ′ = 68.6◦) respectively. While these values are unusually high, they compare well
with the values obtained for unreinforced cement-treated clay.
A summary of the friction coefficients is provided in Table 6.4. The values of M for
unreinforced cement-treated clay are first compared against those obtained by Xiao et
al. (2016). It can be observed that in the current study, lower values were consistently
obtained for each mix ratio. Since Xiao et al. (2016) used short specimens with a
diameter and height of 38 mm, it is highly possible that their experimental results
are susceptible to specimen size effect. Regarding fibre-reinforced cement-treated clay,
it can be noted that the friction coefficients are consistently higher than those of
unreinforced cement-treated clay and this agrees well with the findings in the literature
review. Nevertheless, these values are rather high and indeed much higher than those
obtained from the remoulded specimens. Consequently, it is questionable whether
destructuration within the short specimens is complete and it was thus decided to
investigate the microstructure of the intact and remoulded specimens in order to verify
the validity of the measured friction coefficients.
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Table 6.4: Summary of critical state coefficient M from undrained triaxial tests on



































5:1:6 (Xiao et al., 2016) 0 2.40 60.0
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Figure 6.17: Drained triaxial behaviour of short specimens with mix ratio 2:1:4,
cured under atmospheric pressure: (a) stress path (b) stress-strain curve (c) stress
ratio - strain curve (d) excess pore pressure - strain curve.
Chapter 6. A Critical State Parameter for Fibre-Reinforced
Cement-Treated Clay 267
Figure 6.18: Drained triaxial behaviour of short specimens with mix ratio 2:1:3,
cured under atmospheric pressure: (a) stress path (b) stress-strain curve (c) stress
ratio - strain curve (d) excess pore pressure - strain curve.
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Figure 6.19: Drained triaxial behaviour of short specimens with mix ratio 5:1:6,
cured under atmospheric pressure: (a) stress path (b) stress-strain curve (c) stress
ratio - strain curve (d) excess pore pressure - strain curve.
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Figure 6.20: Evolution of the size and shape of a fibre-reinforced cement-treated
clay specimen with mix proportion 2:1:4 during an undrained triaxial test carried out
at an effective confining pressure of 1500 kPa. The pictures were taken at an axial
strain of: (a) 22% (b) 29% (c) 34% (d) 41%. The yellow dotted lines outline the sides
of the specimen.
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6.3 Microstructure Analysis of Fibre-Reinforced Cement-
Treated Clay
In the previous section 6.2, various experimental methods were explored to identify
an ultimate state for fibre-reinforced cement-treated clay. At this stage, little is
known about the degree of destructuration and its uniformity at the microstructural
level. This section will focus on the microstructure of fibre-reinforced cement-treated
clay through the use of a scanning electron microscope (SEM). First of all, a review
is provided on some of the studies that have used SEM micrographs to study the
microstructure of Singapore marine clay in its untreated and cement-treated form
(without fibres). The SEM images from the current study will then be presented for
both intact and remoulded specimens and compared to each other. The results from
the SEM analysis will supplement the friction coefficient values which were obtained
in the previous section and will provide a basis for the selection of a suitable ultimate
state for the material under study.
6.3.1 Background
Using SEM analysis, Kamruzzaman (2002) and Chew et al. (2004) observed that
the addition of cement to marine clay resulted in the appearance of reticulation and
flocculation within the soil structure, which increased with cement content (shown in
Figure 6.21). The increase in reticulation is due to the formation of calcium silicate
hydrate which is reticular in nature (e.g. Locat et al., 1990; Chew et al., 2004). Chew
et al. (2004) further mentioned that flocculation can be attributed to the adsorption
of Ca2+ ions onto the illite sheets from clay, which decreases the repulsion between
the adjacent diffused double layers. This promotes edge-to-face contacts between
successive illite sheets and results in flocculation of the clay particles. The flocculation
process and the dissolution of the kaolinite minerals cause the clay structure to be
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more open, with the creation clay-cement clusters surrounded with large voids. As
shown in Figure 6.21, the amount of flocculated clay-cement clusters increases with
cement content, along with large inter-cluster openings.
Figure 6.21: SEM images of (a) untreated remoulded Singapore marine clay, and
cement-treated clay with (b) 10% cement content (c) 20% cement content (d) 50%
cement content. The cement-treated specimens were wet cured for 28 days under
atmospheric pressure (Adapted from Kamruzzaman, 2002).
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6.3.2 Destructuration at the microscopic scale
In his study on the ultimate failure of unreinforced cement-treated clay, Xiao (2009)
investigated the effect of destructuration on the microstructure of cement-treated
clay through the analysis of SEM micrographs. Firstly, micrographs were taken from
different parts of a slender (height: 76 mm and diameter: 38 mm) cement-treated
triaxial test specimen - with mix ratio 5:1:6 - that had been subjected to undrained
shearing. It was already highlighted earlier that slender specimens are prone to shear
banding. From Figure 6.22, it can be observed that particle break-up is more severe
within the slip plane than outside the slip plane, in addition to smaller voids and
clusters of clay-cement aggregates being less discernible. Regarding short specimens
(height: 38 mm and diameter: 38 mm), Xiao (2009) observed a similar trend by
comparing the SEM images within and outside the multiple shear bands from a
drained test specimen with mix ratio 2:1:4 (Figure 6.23). However, the degree of
particle break-up (within the slip planes) for short specimens is not as severe as that
in slender specimens. This could possibly be attributed to the much lower confining
pressure used in the drained test as compared to the undrained test.
Kamruzzaman et al. (2009) studied the effect of increasing consolidation pressure
on the microstructure of the cement-treated Singapore marine clay. At zero confining
pressure (Figure 6.24 (a)), the structure of the cement-clay matrix was open, with
large intercluster void space. As the one-dimensional consolidation pressure increased,
the clay-cement clusters gradually collapsed, so that intercluster void space decreased.
Figure 6.24 (c) shows that at 6400 kPa, there was a significant reduction of void spaces
and the degree of particle break-up was also very high. The amount of destructuration
was comparable to the micrographs from Xiao (2009) taken inside the shear plane.
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Figure 6.22: SEM images of slender cement-treated marine clay specimens with mix
ratio 5:1:6, subjected to undrained shearing at an effective confining pressure of 2500
kPa. Micrographs were taken outside the slip band at (a) ×3000 magnification (b)
×5000 magnification, and inside of the slip band at (c) ×3000 magnification (d) ×5000
magnification (Adapted from Xiao, 2009).
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Figure 6.23: SEM images of short cement-treated marine clay specimens with mix
ratio 2:1:4 subjected to drained shearing at an effective confining pressure of 500 kPa.
Micrographs were taken outside the multiple slip planes at (a) ×3000 magnification (b)
×5000 magnification, and inside the multiple slip planes at (c) ×3000 magnification
(d) ×5000 magnification (Adapted from Xiao, 2009).
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Figure 6.24: SEM micrographs of cement-treated clay specimens with 50% cement
content at different one-dimensional consolidation pressure for 28-days curing: (a) zero
pressure (b) 1600 kPa (c) 6400 kPa (Adapted from Kamruzzaman et al., 2009).
6.3.3 Preparation of SEM samples
In the current study, a Hitachi Tabletop microscope TM-1000 (Figure 6.25 (a))
was used to conduct scanning electron microscopy on the post-sheared specimens of
cement-treated clay with and without fibre reinforcement. Prior to scanning, the post-
sheared specimens were first oven-dried for 24 hours in order to minimise disturbance
during testing due to moisture within the specimen. Mitchell (1992) mentioned that
air-drying is an adequate process for very stiff soils (e.g. cement-treated soil) which do
not undergo significant shrinkage. After oven-drying, two sets of samples were taken
from each specimen, namely within the shear band and outside the shear band. This
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was done by breaking the specimen using finger pressure to obtain a sample of about
10 mm × 3 mm × 3 mm. Care was taken to minimise disturbance to the broken face
of the samples. The broken samples were then placed and secured to an aluminium
stub using a double-sided conducting tape, with the broken face facing upwards to be
observed. Prior to scanning, the samples were coated with gold ions using an Emitech
K550X Sputter Coater (Figure 6.25 (b)). This allowed the particles on the observation
surface to be more discernible by the SEM. The final step was to place the samples
into the SEM for observation at magnification levels ranging from ×1000 to ×4000.
The treated clay specimens that were analysed under the SEM are listed in Table 6.5.
Figure 6.25: Equipment used for Scanning Electron Microscopy: (a) Hitachi Table
Top microscope TM-1000 (b) Emitech K550X Sputter Coater.
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2:1:4 50 - X X
5:1:6 20 X X X
Remarks: 1. The intact specimens were subjected to undrained triaxial testing at aneffective confining stress of 1000 kPa.
2. The remoulded specimens were subjected to undrained triaxial testing
at an effective confining stress of 700 kPa.
6.3.4 SEM results and analysis
6.3.4.1 Intact unreinforced cement-treated clay
Samples were taken from a post-sheared short specimen of mix ratio 5:1:6 that
had been sheared at an effective confining stress of 1000 kPa under undrained con-
ditions. In Figure 6.26, reticulation and flocculation can generally been seen within
the microstructure of the specimen. For the samples taken outside the shear plane
(Figure 6.26 (a)), large flocculated clusters of cement-clay were discernible, interspersed
with large inter-cluster voids. In contrast, the microstructure within the shear plane
(Figure 6.26 (b)) shows a greater degree of particle break-up and the voids between
the clay-cement clusters are also smaller. The fact that the particles are finer is
an indication that the destructuration process for unreinforced cement-treated short
specimen is more severe within the shear plane than outside of the shear plane. This
is consistent with the findings of Xiao (2009).
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Figure 6.26: SEM micrographs of unreinforced cement-treated clay short specimens
with mix ratio 5:1:6, subjected to undrained shearing at an effective confining pressure
of 1000 kPa. Micrographs were taken (a) outside the multiple slip planes at ×4000
magnification (b) inside the multiple slip planes at ×4000 magnification.
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6.3.4.2 Intact fibre-reinforced cement-treated clay
Figures 6.27 and 6.28 show the microstructure of intact fibre-reinforced cement-
treated clay short specimens for mix ratio 5:1:6 and 2:1:4 respectively, which have
undergone undrained shearing at an effective confining stress of 1000 kPa. Similar to
the unreinforced cement-treated specimen, evidence of reticulation and flocculation
can be clearly seen outside of the shear plane. The degree of particle break-up is
also more severe within the shear plane than outside the shear plane, with the void
spaces being significantly smaller in the former case. These trends are also repeated for
the 2:1:4 mix ratio (Figure 6.28), albeit the finer reticulated structure and increased
flocculation. This agrees well with the observations of Chew et al. (2004) who reported
that specimens containing a higher cement content have increased flocculation and
fine reticulation.
Figure 6.27: SEMmicrographs of fibre-reinforced cement-treated clay short specimens
with mix ratio 5:1:6, subjected to undrained shearing at an effective confining pressure
of 1000 kPa. Micrographs were taken (a) outside the multiple slip planes at ×4000
magnification (b) inside the multiple slip planes at ×4000 magnification.
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Figure 6.28: SEMmicrographs of fibre-reinforced cement-treated clay short specimens
with mix ratio 2:1:4, subjected to undrained shearing at an effective confining pressure
of 1000 kPa. Micrographs were taken (a) outside the multiple slip planes at ×4000
magnification (b) inside the multiple slip planes at ×4000 magnification.
It can be observed that fibres were not shown in Figures 6.27 and 6.28; Since
they are 31 µm in diameter, they would occupy most of the micrograph at ×4000
magnification. In order to investigate the role of fibres during the destructuration
of fibre-reinforced cement-treated clay, the microstructure of short specimens with
mix ratio 5:1:6 was examined at lower magnification. Figures 6.29 and 6.30 show a
comparison between the ‘state’ of the fibres within and outside the multiple shear planes
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respectively. Outside the shear plane, the fibres are anchored into the cementitious
matrix and are dispersed in random directions. In Figure 6.29 (b), it is also observed
that some cementitious particles cling to the fibre surface and this agrees with the
SEM images obtained by Tang et al. (2007). On the contrary, Figure 6.30 shows that
the fibres within the multiple shear planes are all aligned in a particular direction,
which is probably the direction of the shearing. There is also some evidence of fibre
pull-out. The above observations seem to suggest that the pull-out resistance of the
fibres was fully mobilised within the shear planes of the short specimen, which further
indicates that a higher stress concentration exists in these regions of the test specimen.
Consequently, it can be concluded that even short test specimen do not destructure
uniformly during shearing due to the formation of multiple shear bands, as already
shown in Figure 6.20 (b).
Figure 6.29: SEMmicrographs of fibre-reinforced cement-treated clay short specimens
with mix ratio 5:1:6, subjected to undrained shearing at an effective confining pressure
of 1000 kPa. Micrographs were taken outside the multiple slip planes at (a) ×60
magnification (b) ×400 magnification.
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Figure 6.30: SEMmicrographs of fibre-reinforced cement-treated clay short specimens
with mix ratio 5:1:6, subjected to undrained shearing at an effective confining pressure of
1000 kPa. Micrographs were taken within the multiple slip planes at ×60 magnification.
6.3.4.3 Remoulded fibre-reinforced cement-treated clay
Figures 6.31 and 6.32 show the microstructure of remoulded fibre-reinforced cement-
treated clay slender specimens for mix ratios 5:1:6 and 2:1:4 respectively. Both sets of
samples were obtained from undrained triaxial test specimens which were sheared at
an effective confining stress of 700 kPa. It can be observed that there are no discernible
distinctions in the microstructure within the shear plane and outside the shear plane.
The degree of particle break-up appears to be of similar severity, with inter-cluster
and intra-cluster void spaces of the clay-cement matrix being very small. Furthermore,
the microstructure of the remoulded specimens compares well with that of the post-
sheared short specimens within the multiple shear planes. As such, it can be established
that remoulded specimens exhibited a more uniform destructuration behaviour and
gave a suitable representation of fibre-reinforced cement-treated clay at ultimate failure.
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Figure 6.31: SEM micrographs of fibre-reinforced cement-treated clay remoulded
specimens with mix ratio 5:1:6, subjected to undrained shearing at an effective confining
pressure of 700 kPa. Micrographs were taken (a) outside the slip plane at ×4000
magnification (b) inside the slip plane at ×4000 magnification.
Figure 6.32: SEM micrographs of fibre-reinforced cement-treated clay remoulded
specimens with mix ratio 2:1:4, subjected to undrained shearing at an effective confining
pressure of 700 kPa. Micrographs were taken (a) outside the slip plane at ×4000
magnification (b) inside the slip plane at ×4000 magnification.
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6.4 Discussion and Summary of Findings
A summary of the critical state friction coefficients as obtained in this chapter are
summarised in Table 6.6 and 6.7 below. Slender specimens in drained triaxial tests
generally failed by a single dominant shear band. It is postulated that this prevented
the specimens from reaching critical state. Short specimens in drained triaxial tests
also failed to reach the critical state, with deviator stress increasing with shear strain
up to a generalized shear strain of ∼40%. This mode of behaviour can be attributed
to the embedment of cement-clay particles into the fibre surface as the mean effective
stress increases, which leads to increasing pull-out resistance with strain.
In undrained triaxial tests, intact short specimens with and without fibre reinforce-
ment consistently returned a much higher friction coefficient than their remoulded
counterparts. SEM micrographs within and outside the multiple shear bands indicate
that this could be attributed to the incomplete and non-uniform destructuration of
the short specimens. Consequently, the friction coefficient obtained from such speci-
mens might represent an average value of the whole specimen and does not entirely
reflect an ultimate state. Furthermore, it was also observed that the unreinforced
intact short specimens have almost the same value of friction coefficient as remoulded
fibre-reinforced cement-treated clay for a given mix proportion, which is somewhat
counterintuitive. Consequently, the critical state friction coefficient for remoulded
fibre-reinforced cement-treated specimens will be adopted for the subsequent analyses.
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Table 6.6: Summary of critical state friction coefficient M , obtained from undrained
and drained triaxial tests on intact cement-treated Singapore marine clay specimens
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Table 6.7: Summary of critical state friction coefficient M , obtained from undrained
and drained triaxial tests on remoulded cement-treated Singapore marine clay speci-
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there seems to be some
amount of break-up.
Table 6.8 compares data for fibre-reinforced soil from previous studies with those
on fibre-reinforced cement-treated soil obtained herein. For the tests conducted herein,
the mean grain size D50 for the remoulded specimens was inferred from the particle
size distribution curves measured using laser diffraction via a Horiba particle size
analyser LA-960V2 (Figure 6.33). Two samples of the remoulded clay-cement powder
were measured for each mix ratio and as shown in Figure 6.34, all the grading curves
are very closely banded. This gives an indication that the remoulding effort employed
in the current study was quite consistent so that the degree of destructuration of the
cementitious particles was fairly similar, regardless of the mix ratios.
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Table 6.8: Comparison of critical state friction coefficient M from the current study

















Consoli et al. (1999) Sand 0.1
0 Glass
fibre 287
0 - 1.68 0.31
1 0 - 1.70 0.31
Consoli et al. (2007) Sand ∼ 0.3 0 PP 0 - 1043 0.76 -
Attom & Al-Tamimi
(2010) Silty sand ∼ 0.3 0 PP 154 0 - 7.36 0.099
Attom & Al-Tamimi
(2010) Silty sand ∼ 0.3 0 PP 0 - 154 7.36 -
Estebragh et al. (2011) Silty clay - 0 Nylon 2 0 - 30 0.033
Uddin et al. (2011) Sand 0.47
0
PP 957
0 - 0.85 0.106
5 0 - 0.82 0.281
Anagnostopoulos et al.
(2013)
S1 Sand 0.80 0
PP 400 0 - 0.5
0.188
S2 sand 0.35 0 0.836
S4 sand 0.13 0 0.522
Anagnostopoulos et al.
(2014) Silty clay -
0 PP-f1 400 0 - 0.7 0.655
0 PP-f2 480 0 - 0.7 0.527




PP 194 0 - 1.85
0.124
Remoulded 2:1:4 mix 0.10 50 0.324
Remoulded 2:1:3 mix 0.09 50 0.314
Remarks:
1. D50 refers to the mean grain diameter.
2. D50 for the remoulded specimens refers to the mean grain size of
the crushed powder.
3. The symbol ’∼’ indicates that the mean grain diameter was deduced
from the information provided in the paper such as d10, d30 and d60.
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Figure 6.33: Equipment for particle size distribution - Horiba particle size analyser
(LA-960V2 model).
Figure 6.34: Particle size distribution curves for remoulded clay-cement powder
obtained by laser diffraction from a Horiba particle size analyser LA-960V2.
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It can be observed from Table 6.8 that the δM/δf ratio for the remoulded specimens
lies within the range of values as reported by previous studies on fibre-reinforced soils,
given a mean grain size of 0.01 mm and a fibre aspect ratio of 194. Furthermore, a
greater δM/δf ratio was obtained for the remoulded fibre-reinforced specimens with
a cement content of 50% as compared to those with 20%. This is expected because
specimens with higher cement contents contain more cementitious particles, the latter
being harder/stiffer than clay particles. Tang et al. (2007) reported that the interfacial
strength between the fibres and the soil-cement matrix can be improved by the high
stiffness of these cementitious particles.
The main findings from this chapter are summarised below:
1. For short and intact fibre-reinforced cement-treated clay specimens which were
tested in drained conditions, strain-hardening behaviour was observed up to an
axial strain of 50%. This was attributed to the continuous reduction in void
ratio of the specimen which enhanced the interlocking mechanism of the fibres.
An ultimate state could not be determined in this case.
2. For short and intact fibre-reinforced cement-treated clay specimens tested in
undrained conditions, although strain-hardening behaviour was also observed
in certain cases, the data points beyond ∼20% shear strain were disregarded
due to severe deformation of the test specimens. Critical state was thus taken
at approximately 20% shear strain and it was noted that the measured friction
coefficients were rather high. Undrained triaxial tests were also carried out
on remoulded fibre-reinforced cement-treated clay specimens and the reported
friction coefficients at critical state were lower than for the intact short specimens.
3. The post-sheared intact and remoulded specimens were subjected to SEM
analysis and samples were taken within and outside the shear planes. The SEM
micrographs revealed that the degree of destructuration within the remoulded
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specimens was more uniform as compared to the short intact ones. This could
probably justify the lower values of M obtained for the remoulded specimens and
it was thus decided that remoulded specimens gave a more uniform representation
of the ultimate state for fibre-reinforced cement-treated clay.
4. In comparison with past research works on fibre-reinforced soils and fibre-
reinforced cement-treated soils, the experimental results as obtained from re-
moulded specimens returned reasonable values of M . The ratio of change in M
to the change in volumetric fibre content (δM/δf) was well within the range of
values as obtained by other studies.
For subsequent chapters, the friction coefficients which were determined from
remoulded specimens will be adopted. The next chapter will examine another important
aspect of constitutive modelling, which is the destructuration behaviour of fibre-




This chapter starts by reviewing past research works on the structuration and
destructuration of unreinforced structured soils. It then examines the destructuration
behaviour of fibre-reinforced cement-treated clay under triaxial loading conditions;
the loss of structure under isotropic compression is first investigated followed by the
effect of deviatoric stresses on its destructuration behaviour. In view of the above, the
experimental results from isotropic compression tests and drained triaxial tests on
fibre-reinforced cement-treated clay are discussed and compared with the behaviour of
unreinforced cement-admixed clay.
7.1 A Review of Structures in Soil
7.1.1 Concept of structures in soils
The term ‘structure’ is often used to refer to components of strength and stiffness
in soils which cannot be accounted for by porosity and stress history alone (Leroueil
& Vaughan, 1990). This includes components of strength and stiffness which come
from the cementation or bonding between particles. For clayey soils, Burland (1990)
defined structure as the combination of bonding (formation of physical attachments
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between soil grains) and fabric (particle arrangement and packing).
The effect of structure has been studied on a wide range of natural soils (e.g.
Burland, 1989, 1990; Leroueil & Vaughan, 1990; Airey & Fahey, 1991; Smith et al.,
1992; Clayton et al., 1992; Airey, 1993; Petley et al., 1992; Kavvadas et al., 1993;
Lagioia & Nova, 1995; Cuccovillo & Coop, 1997, 1999; Consoli et al., 1998; Fernandez
& Santamarina, 2001). Rotta et al. (2003) reported that one of the main issues with
the testing of naturally cemented soil is the variability in its composition and degree
of cementation due to their geological origins. Hence, the preparation of artificially
cemented specimens in the laboratory (by the addition of cementitious agents such as
lime, gypsum or Portland cement) allows the production of naturally cemented soil in
a controlled and consistent manner. The structure of such soils has been investigated
by various researchers (e.g. Saitoh et al., 1985; Hirai et al., 1989; Locat et al., 1990;
Coop & Atkinson, 1993; Huang & Airey, 1998; Kasama et al., 2000; Malandraki &
Toll, 2000; Consoli et al., 2000, 2006; Schnaid et al., 2001; Rotta et al., 2003; Chew et
al., 2004; Chin, 2006; Kamruzzaman et al., 2009). Most of these studies used relatively
low cement content typically ranging from a few percent up to about 20%. Jardine et
al. (1991) proposed a framework to explain the concept of structure in soils, which
has already been discussed in Chapter 5.
More recently, Xiao et al. (2014) tested marine clay with cement contents of up
to 100% by weight of dry clay to replicate the amount of cement used in ground
improvement. This is far higher than what was used for artificially-created cemented
soil. In fact, soil improvement methods such as deep-mixing and jet-grouting are
likely to introduce an ‘artificial’ structure in soils, which is largely characterised by
a significant amount of bonding between particles of a remoulded soil (Chin, 2006).
Preferred particulate arrangement or alignment is unlikely to be significant. Chin
(2006) has used the term ‘artificial structure’ to define the soil structure resulting
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from the mixing of cement into a soil matrix. This artificial structure may not be
similar to that of naturally cemented soil. While the term ‘structure’ is not commonly
used for fibre-reinforced soils, fibre-reinforced cement-admixed soils can be considered
to exhibit some form of structure since, as shown earlier, the fibres can interact
with the cementation to alter soil behaviour. Park (2010) reported that the addition
of polyvinyl alcohol (PVA) fibres to cemented sand generated bonding and friction
between the soil and the fibres. He also mentioned that the material was able to
sustain load after debonding of the cemented soil. Tang et al. (2007) reported that,
due to interfacial forces, the fibres in the cementitious matrix have resistance to sliding
and can sustain tensile stresses. As mentioned in section 2.3.1, they also reported
that the fibres interlock with the soil grains, forming a ‘unitary coherent’ matrix
that restricts displacement, mainly due to interfacial forces. Finally, Pakravan et al.
(2012a, 2012b) also noted the importance of the interaction between fibres and the
cementitious matrix. Hence, it is noted that fibres seem to contribute to the structure
of the cemented soil to a certain extent. Overall, however, much about the interaction
between fibres, cement and soil remains unknown to date.
7.1.2 Theoretical studies about structured clay
Over the recent years, many models for structured clay have been proposed, mostly
based on the Modified Cam Clay (MCC) model. For structured natural clay, Chai
et al. (2004) noted that the relation between the mean effective stress p′ and void
ratio e is more linear when plotted in a ln(e + ec) - ln(p′) plot than in an e - ln(p′)
plot, whereby ec taking into account the effect of structure. This linear relation was
incorporated in a hardening law of the MCC model. Liu & Carter (2005) also proposed
a model for naturally structured clays called the Structured Cam Clay model. They
assumed that the influence of structure was borne by an additional void ratio and the
destructuration law on the volumetric deformation was a decreasing function of that
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additional void ratio. As mentioned by Suebsuk et al. (2010), the two aforementioned
models did not consider the effect of structure on the strength properties, especially
cohesion.
Other researchers (e.g. Kasama et al., 2000; Liu & Carter, 2002; Lee et al., 2004;
Horpibulsuk et al., 2010; Suebsuk et al., 2010, 2011; Nguyen et al., 2014) have also
used a similar modified effective stress concept to account for structure in soils. It
has been widely reported that structure produces the same effect as an increase in
the yield stress and hence, yield surface (e.g. Burland, 1990; Kasama et al., 2000;
Kavvadas & Amorosi, 2000; Burland, 1990; Baudet & Stallebrass, 2004; Lee et al., 2004;
Horpibulsuk et al., 2005; Suebsuk et al., 2010; Xiao et al., 2014, 2016). The modified
effective stress concept involves left-shifting the yield locus and/or the failure line in
q-p′ stress space by an amount which is representative of the degree of structuration
in the material so that part of it lies in the tensile region. This is akin to introducing
a tensile strength term into the model. As the soil is being compressed past its yield
point, the amount of structure/cementation decreases and this is translated into a
right-shifting and collapse of the yield locus. The yield surface will eventually be the
same as that of the remoulded/unstructured soil when complete destructuration has
occurred. While left-shifting the yield locus in the tensile region provides a convenient
way of modelling the effect of structure in soil, Xiao (2009) noted that a negative
mean effective stress is difficult to justify physically since different mechanisms are
mobilised when the material is in compression and tension; compression yielding is
associated with friction, interlocking and hardening but tensile yielding is more related
to cracking and fracture. Hence, modelling destructuration under compressive loading
as tensile strength is probably more a phenomenological description rather than a
physical explanation. Pan et al. (2016) also noted that by adding the tensile strength
to the mean effective stress, a better fit to a log-linear compression curve can be
obtained. They pointed out that this prevented the void ratio from going to infinity
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when the effective stress approached zero, which would have been unrealistic.
Some researchers (e.g. Cotecchia & Chandler, 2000; Baudet & Stallebrass, 2004,
Xiao & Lee, 2014) have modelled structure by a sensitivity framework. It is based on the
observation that natural soil structure has stable components that do not deteriorate
with strain and metastable components that do. Terzaghi (1944) introduced sensitivity
as the ratio of undrained shear strength of the natural clay to that of the reconstituted
soil. Reconstituted (remoulded) clay is one without structure, and it is the strength
due to soil structure that is responsible for the difference in engineering properties
of structured and remoulded states (e.g. Suebsuk et al., 2010; Leroueil et al., 1979;
Hanzawa & Adachi, 1983; Leroueil et al., 1983; Leroueil & Vaughan, 1990; Mitchell,
1996; Shibuya, 2000; Horpibulsuk et al., 2007). Based on the works of Skempton &
Northey (1952), Cotecchia & Chandler (2000) introduced the Sensitivity Framework for
naturally structured clays, which quantified the degree of structuration in volumetric
space and stress space. However, that framework only quantified the amount of initial
structure after consolidation and did not consider the change in structure due to
shearing. Baudet & Stallebrass (2004) defined sensitivity as the ratio of the current
size of the state boundary surface of the structured clay to that of the reconstituted
clay and based on the observations made by Cotecchia (2003) on Pappadai clay, they
also proposed an expression that related the change in sensitivity to plastic strains,
where volumetric and shear strains are of equal importance. Based on experimental
data, other studies have used different weightages of volumetric strain and shear strain
in their destructuration law to model natural clays (e.g. Kavvadas & Amorosi, 2000;
Rouainia & Wood, 2000) and artificially structured clays (e.g. Suebsuk et al., 2010;
Xiao & Lee, 2014; Xiao et al. 2016).
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7.1.3 A model for unreinforced cement-treated marine clay
with high cement content
7.1.3.1 Isotropic compression
Xiao & Lee (2014) proposed an energy-based isotropic compression relation for
cement-admixed Singapore marine clay, whereby a relationship between structure and
the change in specific volume was established. It was assumed that the amount of
structure loss in a cement-admixed clay during isotropic compression is proportional
to the specific plastic work done against the soil structure, denoted by dwps (Equation
7.1). In other words, the term dwps represents the plastic work done against structure
per unit volume of soil phase
1
v
and is termed as the specific plastic work done, shown
in Equation 7.2. The amount of destructuration is quantified by the difference in mean
effective stress between the structured (cemented) state and the intrinsic destructured
state, denoted by p′0s, as seen in Equation 7.3. The intrinsic state was taken as the
remoulded state of cement-admixed clay and not reconstituted clay (Burland, 1990),
because hydration and pozzolanic reactions due to the interaction between cement
and clay change the mineralogy of the clay, which does not revert to its natural state
even after remoulding. The whole framework is illustrated in Figure 7.1(a).





) = vp′0sdpv (7.2)
where dpv is the incremental plastic volumetric strain.




0 − p′0u (7.3)
where p′0 and p′0u refer to the mean effective stresses on the structured and remoulded
normal compression line respectively.
The positive constant α characterised the rate of destructuration due to isotropic
compressive stresses, and it is hence implied that this rate remains constant, despite
the continuous change in structure throughout the whole loading process. Xiao &
Lee (2014)’s concept also used a variation of the Sensitivity framework by Cotecchia
& Chandler (2000), whereby the stress sensitivity S is defined as the ratio of stress
sustained by the structured cement-admixed clay to the stress sustained by the
remoulded cement-treated clay (Equation 7.4). The final equation governing the
energy-based isotropic compression relation was then given by Equation 7.5. A more











= α[(λr − κs) lnR− κs ln θ] (7.5)
where λr is the slope of the intrinsic compression line, κs is the swelling index of the
structured clay; D (Equation 7.6) is the reciprocal of the initial sensitivity Si, which
is calculated at the yield point p′0i of the fibre-reinforced cement-treated clay. In Xiao
& Lee (2014)’s framework, the yield point referred to the mid-yield stress which was
introduced in Chapter 5; θ (Equation 7.7) is defined as the ratio of the sensitivity at
any point to the initial sensitivity; R (Equation 7.8) is the ratio of stress sustained
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by the remoulded cement-treated clay at any point to its initial stress state, which


















against (λr − κs) lnR− κs ln θ,
to verify the hypothesis of a constant rate of destructuration for unreinforced cement-
admixed clay under isotropic loading. The gradient of the graph gave the value of α.
Figure 7.1(b) presents their α-plots for 11 samples of cement-treated Singapore marine
clay, with varying mix ratios, curing periods and curing stresses. As can be seen, there
was a good agreement between the experimental data and the fitted straight lines
going through the origin, achieving R2 values of 0.99 and above. The hypothesis that
α is constant during isotropic compression was well validated. The main advantage
of such an energy-based approach - as compared to empirical destructuration laws -
is that the destructuration parameter α has a physical underpinning and thus opens
more avenues to explore the mechanics of this material.
In the current study, the energy-based approach from Xiao & Lee (2014) will be
validated for the destructuration of fibre-reinforced cement-treated clay under isotropic
compression. However, the assumption of a constant rate of destructuration has yet to
be verified for this material and the choice of a suitable intrinsic state also represents
a challenge. The results will be shown in section 7.2.1 below.
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Figure 7.1: (a) Illustration of the energy-based isotropic compression relation for
cement-admixed Singapore marine clay (b) α-plots for cement-admixed marine clay
with different mix ratios, curing periods and curing stresses (Xiao & Lee, 2014).
7.1.3.2 Triaxial compression
Xiao et al. (2016) also proposed a constitutive model for unreinforced Singapore
cement-admixed clay under triaxial loading conditions, based on the incorporation of a
cohesion term into the Modified Cam Clay energy equation (See Equation 2.9 and 2.10).
As mentioned in section 2.4.1, one of the key aspects of their model is the continuous
degradation of the cohesion term C from an initial positive value to zero, which allows
the yield locus to evolve from a high q/p′ aspect ratio to an elliptical shape. Xiao et al.
(2016) proposed that the degradation of cohesion C could be correlated to the change
in stress sensitivity S, and was characterised by a degradation index β. Both the
stress sensitivity and cohesion were assumed to degrade with increasing plastic strains.
This relationship between the stress sensitivity and the cohesion was described by the
relation










where Ci = initial cohesion
Si = initial sensitivity
β = degradation index
As shown in Figure 7.2, the fitted equation agreed well with the experimental data
with a value of β = 0.28, for the five mix ratios of unreinforced cement-treated clay
that were tested.
Figure 7.2: Cohesion C degradation with stress sensitivity S for 5 different mix
ratios of cement-admixed clay specimens (Xiao et al., 2016).
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7.2 Post-yield behaviour of fibre-reinforced cement-
treated Singapore marine clay
7.2.1 Loss of structure
Xiao & Lee (2014)’s energy framework was adopted herein to investigate the
destructuration characteristics of fibre-reinforced cement-treated clay under isotropic
compression. Isotropic compression tests were conducted on four types of specimens,
namely intact fibre-reinforced cement-treated clay, intact unreinforced cement-treated
clay, remoulded unreinforced cement-treated clay and remoulded fibre-reinforced
cement-treated clay specimens. A fibre content of 1.85% by volume was used. The
intact specimens were cured under water for 7 days and not subjected to any curing
stresses. The remoulded specimens were prepared as per Section 3.4.7.
Figure 7.3 shows a comparison between the isotropic compression curves of un-
reinforced cement-treated clay and fibre-reinforced cement-treated specimens, with
their remoulded counterparts. The initial void ratio of intact specimens was obtained
by Method II as described in Section 3.4.1.2. For remoulded specimens, the latter
were first saturated in a triaxial set-up before being oven-dried overnight for porosity
measurement. It was already mentioned in Chapter 3 that the introduction of fibres
leads to a reduction in the initial void ratio of the cementitious matrix. It is observed
that the remoulded specimen experiences a comparable decrease in its initial void ratio,
which is consistent with the notion of fibres occupying some of the voids inside the
composite material. Furthermore, a closer look at the ‘remoulded’ compression curves
reveal some inherent pre-consolidation pressure as marked by the arrows in Figure
7.3. This is a consequence of the K0-consolidation process during sample preparation;
it is recalled from Chapter 3 that for the preparation of remoulded specimens, the
latter were consolidated in perforated tubes under a vertical pressure of 75 kPa, which
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would translate to an isotropic stress state of about 130 kPa. The value of 130 kPa is
consistent with the pre-consolidation pressure observed for the remoulded specimens
in Figure 7.3.
Comparing the compression curves of the unreinforced cement-treated clay spec-
imens with their fibre-reinforced counterparts (for both the intact and remoulded
case), it should be pointed out that besides the reduction in void ratio and the slight
increase in the mid-yield point that is brought about by fibre addition, the shape of
both compression curves look very similar. The compression indices κ and λ seem to
be unaffected by the inclusion of fibres. This is consistent with Consoli et al. (2005)
who showed that the isotropic normal compression line for fibre-reinforced sand had
the same compression index λ as that for sand alone, but fibre-reinforced sand had a
slightly higher void ratio than unreinforced sand. The difference may be due to the fact
that sand grains are much harder than cement-admixed clay particles and their grain
size is bigger. Silva dos Santos et al. (2010) also noted that the isotropic compression
line of fibre-reinforced cemented sand and unreinforced cemented sand seemed parallel
to each other, with the fibre-reinforced material having a higher initial void ratio.
It should nonetheless be highlighted that the applied isotropic stresses in these two
studies spanned to about 40 MPa and that some degree of particle breakage might
have occurred at such high pressures. The negligible effect of fibres under compressive
loading has also been reported by Diambra & Ibraim (2014) and Michalowski &
Cermak (2002) for fibre-reinforced soils. The above observation reinforces the fact
that fibres are not very effective when subjected to pure compressive forces and also
confirms the hypothesis that the influence of fibres on the normal compression line of
remoulded unreinforced cement-treated clay is indeed negligible.
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Figure 7.3: Isotropic compression curves for specimens - intact and remoulded,
with and without fibre reinforcement - with mix ratio 2:1:4, cured for 7 days under
atmospheric pressure.
The above isotropic compression curves were further used to study the destruc-
turation behaviour of fibre-reinforced cement-treated clay under isotropic compression,
based on Xiao & Lee (2014)’s energy framework. The latter was first assessed by
comparing their α-plots for unreinforced cement-treated clay specimens with the ones
obtained in the current study. Figure 7.4 shows the α-plots for the 2:1:4 and 10:1:11
mix ratio. It can be observed that the rates of destructuration (under isotropic loading)
from the current study are in general agreement with Xiao & Lee (2014) and are
consistently higher by about 0.4.
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Figure 7.4: Comparison of α-values for unreinforced cement-treated clay specimens
as obtained from the current study and from Xiao & Lee (2014). Specimens were
cured for 7 days under atmospheric pressure.
Figure 7.5 shows the α-plots which correspond to the isotropic compression curves
discussed previously in Figure 7.3. From this point onwards, the naming convention for
each α-plot will be as follows: ‘intact specimen (fibre content f) - remoulded specimen
(fibre content f)’. First of all, it is noted that the initial portion of the α-plots
(circled in red) exhibits a distinct curvature before reaching a steady state. This initial
curvature is not so pronounced in the unreinforced cement-treated clay specimens, as
shown in Figure 7.4. This implies that the fibre-reinforced material experiences a rate
of destructuration which slowly increases towards a maximum constant value. The
curved portion is related to the fact that the compression curve of fibre-reinforced
cement-treated clay is slightly rounder than its unreinforced counterpart in the vicinity
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of the mid-yield point. This can be confirmed in Figure 7.6 whereby the change in
specific volume between successive data points is plotted against the mean effective
stress for both compression curves. It can be observed that the change in specific
volume for a given mean effective stress between the two dotted vertical lines is smaller
for the fibre-reinforced cement-treated clay, indicating a more gradual decrease in
specific volume. In view of this, the α-parameter can be regarded as the maximum
rate of destructuration in isotropic compression for fibre-reinforced cement-treated clay.
Figure 7.5: α-plot for fibre-reinforced cement-treated clay specimens with mix ratio
2:1:4 (f=1.85%), cured for 7 days under atmospheric pressure.
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Figure 7.6: Plot of change in specific volume v against mean effective stress p′
(kPa) for cement-treated clay with and without fibre reinforcement for mix ratio 2:1:4,
subjected to isotropic compression.
Notwithstanding the initial part of the graphs, two observations can be made: 1)
the final α-value for fibre-reinforced cement-treated clay does not change regardless
of the intrinsic state used and 2) the addition of fibres seems to have little effect on
the α-parameter. To further confirm these observations, fibre contents of 0.76% and
2.30% by volume were investigated and the results are shown in Figure 7.7 and 7.8.
Their corresponding isotropic compression curves are available in the Appendix on
Figure A.4. We can again observe that the choice of a remoulded reference state -
with or without fibre reinforcement - does not significantly influence the α-value of
fibre-reinforced cement-treated clay in isotropic compression.
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Figure 7.9 shows the variation of the α-parameter with volumetric fibre content for
mix ratio 2:1:4. It can be seen that α does not change with a fibre addition of 0.76%.
It is plausible that this quantity of fibres is too little to significantly influence the
compressive behaviour of cement-treated clay. While a fibre content of 1.85% seems
to have a slight positive effect on the rate of destructuration, the specimen with a
fibre content of 2.30% loses structure at the fastest rate. In other words, for the same
amount of destructuration, specimens with a fibre content of 2.30% require less plastic
work done on the existing structure than specimens with lower fibre content.
It is surmised that fibres can work together as a spatial network to hold the
cementitious matrix against destructuration. However, since fibres have limited effect
under compressive stresses, this beneficial effect is not so pronounced and is reflected
by the slight reduction in the α-value, as shown by the fibre content of 1.85%. On
the contrary, too much fibres have a detrimental effect on the material as the fibres
themselves contribute to the destructuration of the material. This can be due to
two reasons: as the fibre-reinforced cement-treated clay is subjected to isotropic
stresses, the cementitious structure is compressed onto the stiff fibre phase. One
can imagine the fibres behaving as stiff springs which upon compression, will exert
a reaction force onto the cementitious matrix and thus contributing to a faster rate
of destructuration. Another possible reason could be that the inclusion of such high
volume of fibres interferes with the formation of structure, so that the latter becomes
easier to destructure.
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Figure 7.7: α-plot for fibre-reinforced cement-treated clay specimens with mix ratio
2:1:4 (f=0%, 0.76%), cured for 7 days under atmospheric pressure.
Figure 7.8: α-plot for fibre-reinforced cement-treated clay specimens with mix ratio
2:1:4 (f=0%, 2.30%), cured for 7 days under atmospheric pressure.
Chapter 7. Destructuration of Fibre-Reinforced
Cement-Admixed Clay 309
Figure 7.9: Variation of α with fibre content for specimens with mix ratio 2:1:4,
cured for 7 days under atmospheric pressure.
Xiao & Lee (2014)’s energy framework was also validated for a few other fibre-
reinforced cement-treated clay mix ratios. The intrinsic state for these cases was
taken as remoulded unreinforced cement-treated clay and the compression curves are
available on Figure A.5 in the Appendix. The α-plots are shown in Figure 7.10 and
the trend whereby the α-value first increases along a curve before reaching a constant
value can again be discerned. While the number of mix ratios investigated in Figure
7.10 is limited to make a meaningful comparison, there is a consistent trend indicating
that the rate of destructuration of fibre-reinforced cement-treated clay approaches a
steady state value during volumetric plastic straining which can be described by a
single parameter α. As will be shown in Chapter 8, the α-parameter constitutes one
of the key model parameters for the proposed constitutive model for fibre-reinforced
cement-treated clay.
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Figure 7.10: α-plot for fibre-reinforced cement-treated clay specimens (f=1.85%),
cured for 7 days under atmospheric pressure.
It must also be highlighted that the above energy framework assumes the material to
start destructuring at the mid-yield point. This is consistent with Xiao & Lee (2014)’s
assumption, but may be a simplification compared to real soil behaviour. Furthermore,
for fibre-reinforced cement-treated clay, it was observed in Chapter 5 that the non-
linearity between the first yield point and mid-yield point is quite significant, so that
Xiao & Lee (2014)’s assumption may not be reasonable. It is thus sensible to consider
that the onset of destructuration for fibre-reinforced cement-treated clay occurs at the
first yield. This new approach however does not disprove the usage of Xiao & Lee
(2014)’s energy-based isotropic compression relation for fibre-reinforced cement-treated
clay because the consideration of the first yield will only influence the initial part of
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the α-plot. As shown in Figure 7.5 - 7.10, the α-parameter is measured as the slope of
the final steady state portion of the α-plot which is actually governed by the rate of
change of sensitivity down the normal compression line (NCL) of the structured clay
and not by the initial yield stress. Furthermore, if the initiation of yielding is taken to
be at the first yield, initial sensitivity Si cannot be readily determined since its stress
state does not lie on the normal compression line. Hence, the α-parameter as obtained
for fibre-reinforced cement-treated clay can be viewed as the rate of destructuration
towards which the material converges as it is compressed isotropically from the first
yield into the NCL. The determination of the initial sensitivity Si at the first yield
stress will be addressed in Section 7.2.2.3 below.
7.2.2 Triaxial stress conditions
In order to investigate the validity of Equation 2.22 for fibre-reinforced cement-
treated clay, the first step is to determine the initial cohesion parameter Ci and the
initial sensitivity Si of the material, and subsequently obtain their degradation with
plastic straining. As previously mentioned, both terms are assumed to start degrading
at the first yield point. These will be discussed in the section below.
7.2.2.1 Determination of initial cohesion Ci
The initial cohesion Ci refers to the value of the cohesion parameter along the
initial ‘first yield’ locus of the material. As Equation 2.13 showed, the value of Ci
can be back-calculated if the critical state friction coefficient M and the isotropic
first yield stress p′y1, together with the (q, p′) coordinates of a given point along the
first yield locus are known. The procedures used to evaluate parameters M and p′y1
have already been discussed in the previous two chapters. Xiao et al. (2014) noted
that the point of intersection (p′i, qi) between the fitted initial first yield locus of
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unreinforced cement-admixed clay and the tension cut-off line is approximately equal
to its unconfined compressive strength qu, for a given mix ratio. Since the gradient of
the tension cut-off line is 3, the coordinates of the point of intersection are (qu/3. qu).
This is illustrated in Figure 7.11. The initial cohesion is finally calculated by recalling
Equation 2.14 - 2.17. It should be mentioned that the term p′0 in Equation 2.14 - 2.17
is replaced by py1 for the first yield locus, giving








(p′y1 − p′) (2.13)
where q = deviator stress
p′ = mean effective stress
p′y1 = initial isotropic first yield stress
C = inherent cohesion
M = critical state friction coefficient
Ci =
√
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Figure 7.11: Determination of the initial cohesion parameter Ci as proposed by Xiao
et al.(2014).
Figure 7.12 compares the point of intersection (p′i, qi) between the fitted initial
‘first yield’ locus of fibre-reinforced cement-treated clay and the tension cut-off line
against the unconfined compressive strength for several mix ratios. As can be seen,
the data points lie close to the line of equality. Xiao et al. (2014) also noted that
this can be explained by assuming that, for unreinforced cement-admixed marine
clay, unconfined compression tests occur in a drained condition, so that the effective
stress path of unconfined compression test specimens starts from the origin and trend
along the tension cut-off line. As discussed in Section 3.5.4.1, unconfined compression
test specimens were observed to expel water through their sides upon compression,
indicating significant dissipation of excess pore water pressure.
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Figure 7.12: Relationship between the unconfined compressive strength qu of fibre-
reinforced cement-treated clay and the point of intersection qi.
Pan (201âŮŃ6) evaluated the state of drainage of an unconfined compression
test specimen of unreinforced cement-treated clay through the dimensionless time for





where cv, is the coefficient of consolidation, t is the duration of the test and R is the
radius of the test specimen, which is also the length of its shortest drainage path. In
turn, the coefficient of consolidation cv was expressed as






where k is the coefficient of permeability, D is the constrained modulus and γw is the
unit weight of water. The constrained modulus D was expressed as
D =
E ′(1− v′)
(1 + v′)(1− 2v′) (7.11)
where E ′ and v′ are the effective Young’s modulus and Poisson’s ratio of the soil





(1 + v′)(1− 2v′) (7.12)
The effective Young’s modulus E ′ was deduced from the undrained modulus Eu using





where the effective Poisson’s ratio v′ is taken to be 0.2. For Zulkefli (2015)’s study on
unreinforced cement-admixed clay, the empirical relationship of Eu ∼ 200qu was found
suitable . Hence Equation 7.13 simplifies to
E ′ ∼ 160qu (7.14)
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For the unconfined compression tests, Pan (2016) used a test specimen radius
of 0.018 m and the typical time to failure was about 300 seconds. As mentioned
earlier, the Poisson’s ratio was taken to be 0.2. In addition, by adopting a coefficient
of permeability k of 1×10-9 m/s and unconfined compressive strength of 1000 kPa
into Equation 7.12, the dimensionless time T is approximately equal to 16.5. This
is much higher than 1.0 and would suggest that the specimen is completely drained.
Reducing the permeability to 1×10-10 m/s gave T = 1.65, which would also suggest a
well-drained condition (Pan, 2016). Hence, unconfined compression test specimens
of unreinforced cement-treated clay are likely to be in a well-drained to completely
drained condition.
The above discussion indicates that Equation 2.14 - 2.17 can be reliably used to
determine the initial cohesion of the initial first yield locus. By substituting in the
respective values of qu, M and p′y1, the back-calculated value of Ci is 249 kPa, 465
kPa and 1140 kPa for (s:c:w) mix ratios of 5:1:6, 2:1:4 and 2:1:3 respectively. The
theoretical initial first yield loci can now be modelled using Equation 2.13 and as
shown in Figure 7.13, the simulated initial first yield loci are able to give a good fit to
the experimental data points for the three mix ratios, with the R2 value being above
0.8.
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Figure 7.13: Simulated initial first yield loci for fibre-reinforced cement-treated clay
specimens with different mix ratios, cured under atmospheric pressure for 7 days.
7.2.2.2 Degradation of the cohesion parameter C
Having determined the initial cohesion Ci, Figures 7.14 - 7.17 now present the
simulated theoretical yield locus of fibre-reinforced cement-treated clay at various
stages of shearing beyond the initial first yield locus. In Xiao et al. (2016)’s study,
the critical state coefficient of friction M for unreinforced cement-treated clay was
treated as a material constant which was dependent on a given mix ratio. The
discussion from the previous two chapters suggests that fibres increase the value of the
friction coefficient M in cement-treated clay. Furthermore, it was observed that for
pre-yielded specimens, i.e. specimens which have been previously stressed past their
initial yield stress, unreinforced and fibre-reinforced cement-treated clay appeared to
share the same first yield locus for a given pre-compression pressure. As discussed
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earlier, the effect of fibres on the constitutive behaviour of cement-treated clay was
only significantly manifested at the mid-yield, with the mid-yield locus of the fibre-
reinforced cement-treated clay being more elongated vertically than the unreinforced
cement-treated clay one at the same pre-compression pressure. Hence, it is plausible
that the friction coefficient for fibre-reinforced cement-treated clay is not a constant,
taking the same value as unreinforced cement-treated clay up to the first yield and
subsequently increasing with plastic strain.
Figure 7.14 demonstrates the evolution of the yield locus for non-pre-yielded
specimens. While the friction coefficient M increases from the first yield to the final
yield locus to take into account the friction mobilisation, the cohesion parameter C
decreases as cementitious bonds are broken. The evolution of the simulated yield
locus with increasing pre-compression pressure is also shown in Figure 7.15 - 7.17 for
both the first yield and mid-yield respectively. The R2 values indicate that there is
generally a good agreement between the simulated yield loci and the experimental
data points, with appropriately chosen values of M and C.
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Figure 7.14: Simulated first yield, mid-yield and final yield locus for fibre-reinforced
cement-treated clay non-pre-yielded specimens with mix ratio (a) 2:1:4 (b) 2:1:3 and
(c) 5:1:6, cured under atmospheric pressure for 7 days.
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Figure 7.15: Simulated evolution of (a) first yield (b) mid-yield locus for fibre-
reinforced cement-treated clay specimens with mix ratio 5:1:6, cured under atmospheric
pressure for 7 days.
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Figure 7.16: Simulated evolution of (a) first yield (b) mid-yield locus for fibre-
reinforced cement-treated clay specimens with mix ratio 2:1:4, cured under atmospheric
pressure for 7 days.
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Figure 7.17: Simulated evolution of (a) first yield (b) mid-yield locus for fibre-
reinforced cement-treated clay specimens with mix ratio 2:1:3, cured under atmospheric
pressure for 7 days.
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7.2.2.3 Determination of initial sensitivity Si
Following Cotecchia & Chandler (2000), Xiao & Lee (2014) defined the sensitivity of
the cement-admixed clay as the ratio of stress sustained by the structured clay itself to
the stress sustained by its remoulded intrinsic counterpart at the same specific volume
(as shown by Equation 7.4). In Xiao & Lee (2014)’s study, the initial sensitivity Si
was measured at the isotropic mid-yield stress, with the premise that insignificant
plastic strains developed before that point. As for fibre-reinforced cement-treated clay,
the value of the stress sensitivity at the first yield is of greater interest because it
corresponds to the onset of cohesion degradation. However, since the first yield point
lies on the unloading-reloading line (URL) and that its corresponding stress state on
the ‘remoulded’ compression curve lies on the normal compression line (NCL), the
two stress states are not compatible with each other so that the sensitivity cannot
be calculated. To overcome this limitation, the hereby proposed method, which is
depicted in Figure 7.18, is to extend the normal compression line of the structured soil
backwards so that it intersects the vertical projection of the first yield point. The initial
sensitivity for this ‘projected’ first yield point can now be evaluated the conventional
way. The intrinsic compression line was obtained from remoulded fibre-reinforced
cement-treated clay.
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Figure 7.18: Determination of the initial sensitivity Si at the first yield point of
fibre-reinforced cement-treated clay.
7.2.2.4 Determination of the sensitivity-cohesion parameter β
For each fitted yield locus in Figures 7.14 - 7.17, the values of normalised cohesion
were plotted against their corresponding normalised stress sensitivity in Figure 7.19.
As can be seen, a reasonably good fit (R2 = 0.96) to the data points for fibre-reinforced
cement-treated clay can be obtained by adopting a β-parameter of 0.56 in Equation
2.22. Xiao et al. (2016)’s fitted curve for unreinforced cement-treated clay is also shown
in Figure 7.19. It may appear as though fibre-reinforced cement-treated clay shows
a higher rate of cohesion degradation with decreasing sensitivity than unreinforced
cement-treated clay. However, the two curves cannot be compared directly to each
other for the following reason: the initial sensitivity Si and initial cohesion Ci were not
determined at the same yield locus. The yield locus for fibre-reinforced cement-treated
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clay was evaluated at first yield whereas that for unreinforced cement-treated was
evaluated at the mid-yield. Hence, the two are not directly comparable.
Figure 7.19: Plot of cohesion degradation against stress sensitivity for fibre-reinforced
cement-treated clay specimens with different mix ratios.
7.3 Summary of Findings
This chapter has examined the destructuration behaviour of fibre-reinforced cement-
treated clay under the action of isotropic compression stresses and deviator stresses in
a triaxial test condition. While the experimental results may be limited in terms of
the number of mix ratios studied, the main findings can be summarised as follows:
(a) By adopting Xiao & Lee (2014)’s energy framework for the isotropic compression
of unreinforced cement-treated clay, a parameter α was introduced to characterise
the rate of destructuration of fibre-reinforced cement-treated clay under the
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influence of isotropic compression stresses. From the α-plot, it was observed that
the α-parameter slowly increases towards a maximum steady-state value as the
material is isotropically compressed beyond its final yield. Furthermore for a given
fibre content, the choice of an intrinsic remoulded state with or without fibre
reinforcement did not influence the final α-value.
(b) The theoretical yield function which was proposed by Xiao et al. (2016) for
unreinforced cement-treated clay was found to fit the experimental yield points
of fibre-reinforced cement-treated clay reasonably well, by using the appropriate
values of critical state friction coefficient M , cohesion C and pre-compression
pressure p′0. For a particular fitted yield locus, the cohesion value was adjusted
by fixing the values of M and p′0. The degradation of cohesion with increasing
volumetric strain and shear strain (for a given mixed ratio) could therefore be
obtained from the set of fitted yield loci. The value of M also increased as the
material was sheared from the first yield locus to the mid-yield locus so as to
model the frictional force contribution from the polypropylene fibres.
(c) The degradation of cohesion C was correlated to the decrease in stress sensitivity
S by using an empirical relation proposed by Xiao et al. (2016). The rate of
degradation of the cohesion term with decreasing sensitivity was governed by
a parameter β, which is equal to 0.56 in the current study for fibre-reinforced
cement-treated clay.
Up to this point, a theoretical yield locus for fibre-reinforced cement-treated clay has
been defined, as well as its evolution with increased destructuration due to isotropic
compression stresses and deviatoric stresses. An ultimate state towards which the
stress state of the material progresses with continuous shearing has also been proposed.
The next chapter will expand on these findings and look into the development of
a constitutive model for fibre-reinforced cement-treated clay based on an existing
constitutive framework for unreinforced cement-treated clay (Xiao et al. 2016).
Chapter 8
Modelling of the Behaviour of
Fibre-Reinforced Cement-Admixed Clay
In this chapter, Xiao et al. (2016)’s constitutive model for unreinforced cement-
treated clay is modified and adapted to include the effect of fibres. The chapter
starts by describing the mathematical formulation of the model and the latter is
subsequently validated against isotropic compression tests and drained triaxial tests
for three different mix ratios. Finally, the results of a parametric study on the input
model parameters will be presented.
8.1 Basis of Model
8.1.1 Yield locus and flow rule
The energy equation adopted herein is the same as that proposed by Xiao et
al. (2016) for unreinforced cement-treated soil, and is based on the elliptical yield
locus of the Modified Cam Clay model (Roscoe & Burland, 1968). Experimental
results from Sections 7.2.2.1 and 7.2.2.2 have suggested that the initial yield surface
of fibre-reinforced cement-treated clay and its subsequent shape degradation could
also be well-represented by an ellipse. Xiao et al. (2016)’s energy equation has been
discussed in Chapter 2, wherein it was noted that the yield locus of cement-treated
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soil after complete loss of structure is an ellipse. As discussed in Chapter 7, the yield
loci of pre-yielded fibre-reinforced cement-treated clay specimens at very high values
of pre-compression pressure could also be approximated by an elliptical yield surface.
Hence, following Xiao et al. (2016), it is postulated that the fully destructured state
of this material can also be described by Roscoe & Burland (1968)’s Cam-Clay flow
rule, that is Equation 2.20. This leads to the same equation for the yield locus as Xiao
et al. (2016).
Xiao et al. (2016) assumed an associated flow rule for unreinforced cement-treated
clay. As discussed in Chapter 2, only a few studies (e.g. Nguyen & Fatahi, 2016;
Diambra & Ibraim, 2014; Babu & Chouksey, 2010) have proposed a flow rule in their
models for fibre-reinforced soils, with only the first study adopting a non-associated
flow rule. In view of a lack of evidence which strongly favours the usage of any
particular plastic flow rule for fibre-reinforced soils and also for the advantage of
simplicity, an associated flow is assumed herein.
8.1.2 Friction coefficient M
The findings from Chapter 6 showed that the inclusion of fibres in cement-treated
clay increases the friction coefficient. Furthermore, this value is only fully mobilised
after sufficient deformation. Up to the first yield, the friction coefficient for fibre-
reinforced cement-treated clay is very similar to that for unreinforced cement-treated
clay. At mid-yield, the friction coefficient increases to a maximum value. Figure 8.1
shows the p′-q stress states and plastic shear strain ps for all the mid-yield points
measured in drained triaxial tests for mix ratios 2:1:4, 2:1:3 and 5:1:6. As can be
seen, the mid-yield points generally occur between plastic shear strain of 0.1% - 1.9%.
Moreover, the maximum plastic shear strain at mid-yield for the 2:1:3 mix ratio is
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about half of the other two mixes. This could be attributed to the higher stiffness
of the 2:1:3 mix ratio. Based on the above findings, it is postulated that the friction
coefficient for fibre-reinforced cement-treated clay is fully mobilised shortly after the
first yield, following the empirical function





where M = critical state friction coefficient
Mfb = critical state friction coefficient obtained from remoulded fibre-reinforced
cement-treated clay
Mnf = critical state friction coefficient obtained from remoulded unreinforced
cement-treated clay
ps = plastic shear strain
a = empirical constant which determines the rate of mobilisation of the fric-
tion coefficient. While a = 0 implies thatM =Mfb at the first yield, a =∞ means that
M can never reach the value ofMfb. In the current study, a value of 0.001 was adequate.
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Figure 8.1: Plot of deviator stress q: mean effective stress p′: plastic shear strain ps
showing the mid-yield points for specimens of (a) mix ratio 2:1:4 (b) mix ratio 2:1:3
(c) mix ratio 5:1:6, cured under atmospheric pressure for 7 days.
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8.1.3 Hardening and softening laws
As discussed in Chapter 7, while the size of the yield locus increases with pre-
compression pressure p′0, its vertical-to-horizontal aspect ratio reduces with a decrease
in the cohesion C. The latter was also correlated to the stress sensitivity S of the
material through a power law, as Equation 2.22 showed. It was also shown in Equations
2.24 and 2.25 that both p′0 and S could be related to the plastic work done against
the soil structure, dW ps .
8.1.3.1 Plastic work
As mentioned in Chapter 2, Xiao et al. (2016) postulated that the plastic work
done under general stress conditions can be expressed as
dW ps = (p
′ − p′un)dpv + (q − qun)dps (2.19)
where p′un and qun are the mean effective stress and deviator stress carried by the
unstructured soil respectively, dpv and dps are the plastic volumetric strain increment
and plastic shear strain increment respectively. The term (q− qun)dps characterises the
plastic work done by the deviator stress component which is carried by the cementation
bonds. Xiao et al. (2016) assumed that the plastic work done by the deviator stress
and mean effective stress are equally effective in causing damage to the structure. If
one surmises that fibres are able to slow down the destructuration process by their
crack-bridging and interlocking mechanism and that they are more effective in resisting
distortional rather than volumetric changes, then the work done by the deviator stress
may be less effective in causing structural damage than that done by the mean effective
stress. To account for the possible difference in effectiveness of the work done by the
two types of stresses, a new degradation index ξ is incorporated into Equation 2.19 so
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that
dW ps = (p
′ − p′un)dpv + ξ(q − qun)dps (8.2)
When ξ = 0, the work done by the deviator stress does not cause any damage to
structure. When ξ = 1, the mean effective stresses and deviatoric stresses have an
equal contribution to the plastic work done. Based on back-analyses, it was found that
ξ = 0.2 gave a good fitting to the experimental data for non-pre-yielded specimens
(e.g. test CID300 in Figure 8.2) and ξ = 0.4 for pre-yielded specimens (e.g. test
CID1500-800 in Figure 8.3).
Figure 8.2: Effect of varying the degradation index ξ on the non-pre-yielded drained
behaviour of fibre-reinforced cement-treated clay with mix ratio 5:1:6 for test CID300:
(a) deviator stress-strain curve (b) compression curve.
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Figure 8.3: Effect of varying the degradation index ξ on the pre-yielded drained
behaviour of fibre-reinforced cement-treated clay with mix ratio 2:1:4 for test CID1500-
800: (a) deviator stress-strain curve (b) compression curve.
The lower ξ value for non-pre-yielded specimens can be explained by the higher
effectiveness of fibre reinforcement at lower confining pressures. It was mentioned by
Park (2009) that the effect of fibres on the soil matrix was analogous to an increase in
confining pressure as the fibres hold the matrix together. This mechanism becomes
less significant as the external confining pressure becomes larger. In view of Equation
2.20, Equation 8.2 can be re-written as,










8.1.3.2 Change in sensitivity
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and hence R6 =
∂C
∂pv
in Equation 2.29 is unchanged because
dpv is unaffected by the degradation index ξ.










































8.1.3.3 Change in pre-compression pressure




















In Equation 8.8, the change in p′0 due to dpv alone can be determined by setting dps=0.
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The expression for R5 =
∂p′0
∂pv
in Equation 2.34 is unchanged because dpv is unaffected
by the degradation index ξ.

















S(λu − κs)(ξSq −Mp
′) = R8 (8.10)
8.1.3.4 Incremental stress-strain relations










where χ is a plastic multiplier which prescribes the magnitude of the strains.
















dM = 0 (8.11)
The first 4 terms of Equation 8.11 are unchanged from Xiao et al. (2016) and are










































































































a = R9 (8.13)



































































































































Adding the elastic strain increments to Equation 8.22 and adopting the bounding


























where ω embodies the radial mapping rule. In the current study, a different formulation
is proposed for ω and is given by







for p′y1 ≥ p′b ≤ p′yf (8.24)
where n = 1.8 for isotropic compression, and 0.4 for drained tests on pre-yielded
specimens and 0.8 for non-pre-yielded specimens
p′b = isotropic stress related to the current level of loading
p′y1 = isotropic first yield stress
p′yf = isotropic final yield stress
The different values of n were obtained by back-fitting the simulation compression
curve to the yielding portion of the experimental compression curve between the first
yield and final yield point. In the current study, the index n has a different implication
on the yielding behaviour whereby a value of 0 would mean that abrupt yielding
occurs at the first yield point and a value of ∞ translates into abrupt yielding at
the final yield point. The value of p′b at every stress increment can be calculated
by solving for p′0 in Equation 2.13, given the value of q, p′, M and C. Furthermore,
Equation 8.24 entails that ω is equal to zero when the stress state of the material
is inside the first yield locus, i.e. the material is perfectly elastic, and the plastic
portion of the stiffness matrix in Equation 8.23 disappears. As the stress on the
material increases, ω gradually increases towards a value of 1 at the final yield locus.
These are illustrated in Figure 8.4 below. The term ω is of greater significance for
fibre-reinforced cement-treated clay than for its unreinforced counterpart because it
allows for a more accurate modelling of the yielding behaviour. Since fibres impart
some degree of ductility to cement-treated clay matrix, the change in stiffness with
stress state during the yielding process becomes highly non-linear (particularly under
the action of deviator stresses) so that the compression curves have a more rounded
shape. This was also observed in Section 7.2.1 whereby the shape of the isotropic
compression curve of fibre-reinforced cement-treated clay was found to be rounder
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than the unreinforced one in the region of the mid-yield point. Hence, the index ω
provides this flexibility to the elastoplastic matrix.
Figure 8.4: Illustration of the bounding surface framework used in the current study.
8.2 Behaviour of Proposed Model
8.2.1 Determination of parameters
The proposed constitutive model for fibre-reinforced cement-treated clay consists
of 13 parameters which have to be obtained from the intact (structured) material as
well as its remoulded (intrinsic) counterpart. Table 8.1 summarises the required input
model parameters, and also presents the relevant laboratory tests to be performed for
their determination.
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8.2.2 Algorithm of constitutive model
Figures 8.5 - 8.8 show the algorithm for calculating the increments in mean effective
stress and deviator stresses based on increments in volumetric strain and generalized
shear strain in isotropic and triaxial compression tests. The algorithm consists of
three main parts, as shown by the dotted rectangles. Firstly, the stress state (p′j, qj)
is initialised based on the given boundary conditions. Next, an in-built function f
consistently checks for the location of the stress state with respect to the first yield
locus and final yield locus. This is referred to as the ‘yielding check’ in the flow chart.
The ‘yielding check’ section consists of (ffirst)j, (ffinal)j, (fglobal)j. While (fglobal)j is
computed from Equation 2.18, (ffirst)j and (ffinal)j are calculated by substituting the
term p′0 in Equation 2.18 by p′y1 and p′yf respectively. The last part of the algorithm
is the hardening and softening law which governs the rate of destructuration of the
material in terms of the plastic work done.
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Figure 8.5: Algorithm for the modelling of isotropic compression test on fibre-
reinforced cement-treated clay: part I. The subscript j is a counter for the strain
increment step, with j = 0 being the initial step and increasing by 1 with each cycle.
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Figure 8.6: Algorithm for the modelling of isotropic compression test on fibre-
reinforced cement-treated clay: part II. The subscript j is a counter for the strain
increment step, with j = 0 being the initial step and increasing by 1 with each cycle.
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Figure 8.7: Algorithm for the modelling of drained triaxial test on fibre-reinforced
cement-treated clay: part I. The subscript j is a counter for the strain increment step,
with j = 0 being the initial step and increasing by 1 with each cycle.
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Figure 8.8: Algorithm for the modelling of drained triaxial test on fibre-reinforced
cement-treated clay: part II. The subscript j is a counter for the strain increment step,
with j = 0 being the initial step and increasing by 1 with each cycle.
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8.3 Comparison of Model Results with Experimen-
tal Data
This section compares the model results with the experimental data for isotropic
compression tests and drained triaxial tests for three different mix ratios, namely 5:1:6,
2:1:4 and 2:1:3. A set of reference input model parameters is summarised in Table
8.2. The procedure for evaluating the parameters α, β, κs, λu, vλ, Ci, v0i Mnf and
Mfb have been described in Chapters 6 and 7. The value of the degradation index ξ is
taken to be the same for the three different mix ratios and is set to obtain a reasonable
fit to the data.
Table 8.2: Summary of reference input model parameters for the constitutive mod-





κs 0.012 0.009 0.013
v′ 0.25 0.25 0.25
λu 0.26 0.19 0.20
vλ 4.23 4 3.56
Ci 460 800 300
p′y1 300 780 359
p′yf 877 1380 782
v0i 4.36 3.48 3.65
α 2 1.6 2.9
β 0.58 0.58 0.58
ξ
0.2 (non-pre-yielded) 0.2 (non-pre-yielded) 0.2 (non-pre-yielded)
0.4 (pre-yielded) 0.4 (pre-yielded) 0.4 (pre-yielded)
Mnf 1.7 1.7 1.62
Mfb 2.2 2.2 1.85
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8.3.1 Isotropic compression
Figure 8.9 compares the v - p′ isotropic compression curves predicted by the model
simulation against the experimental data for the different mix ratios. It should be
noted that the critical state coefficient of friction for fibre-reinforcement effect, Mfb, is
not mobilised as it is assumed that effectiveness of fibre reinforcement under isotropic
stresses is minimal. In Equation 8.1, the value of M is automatically set to Mnf since
plastic shear strains ps are zero in isotropic compression. From Figure 8.9, it can be
observed that the general features exhibited by the experimental data, such as the
unloading-reloading line, gradual yielding process and the normal compression line,
are well modelled by the proposed framework for all the three mix ratios. However,
the specific volume is slightly under-predicted along the normal compression line.
Figure 8.9: Comparison of isotropic compression curves between experimental data
and model predictions for (a) mix ratio 2:1:4 (b) mix ratio 2:1:3 and 5:1:6.
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8.3.2 Drained triaxial tests
Figures 8.10 - 8.23 compare the model results with experimental data for drained
triaxial tests on fibre-reinforced cement-treated clay specimens. The non-pre-yielded
specimens are shown in Figures 8.10 - 8.13. Recalling the naming convention adopted
in the current study, CID p′c refers to a drained triaxial test being carried out at an
effective consolidation pressure of p′c and CID p′0 - p′c refers to a drained triaxial test
where p′0 is the isotropic pre-compression pressure and p′c is the effective isotropic
confining pressure at which the specimen is sheared. In Figures 8.10 - 8.23 below, the
experimental data are denoted by empty circles and the occurrence of shear plane is
further highlighted by full circles.
In general, the model is able to give a good prediction of the first yield point. This
is shown by the onset of non-linearity in the initial portion of the both deviator stress-
strain curves and compression curves. Subjectively, the volumetric response of the
material appears to be better modelled than the deviator stress-strain response, where
the model tends to over-predict the deviator stress in many of the tests, particularly
for some specimens sheared at high confining pressures. This can be attributed to the
fact that the model does not consider the decreased effectiveness of fibre reinforcement
at high confining pressures. As a simplification, the model only makes the distinction
between pre-yielded and non-pre-yielded specimens - this being manifested in the value
of the degradation index ξ (see Equation 8.3). The effect of specimen-to-specimen
variation also cannot be excluded since only one sample was tested for each loading
case. As shown in Figures 8.10 - 8.23, all the experimental compression curves are
well-predicted to a certain extent by the model, as compared to their corresponding
deviator stress-strain curves which show some discrepancies.
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For specimens sheared at high bond yield ratio and isotropic over-consolidation
ratio, the model is able to reasonably predict the drained behaviour of fibre-reinforced
cement-treated clay up to the peak strength. Since those test specimens developed
shear planes after reaching their peak stress, the post-peak strain-softening experi-
mental data may not represent the ‘true’ material behaviour. In terms of volumetric
response, there is also good agreement between the model results and the experimental
data up to the peak strength. In the post-peak segment, the test specimen appears to
swell along the swelling line; which is different from dilation. This can be attributed
to swelling of the regions of the specimen outside the shear band as the mean effective
stress and deviator stress decrease during softening.
Chapter 8. Modelling of the Behaviour of Fibre-Reinforced
Cement-Admixed Clay 351
Figure 8.10: Comparison of drained triaxial behaviour between experimental data
and model predictions for non-pre-yielded specimens with mix ratio 5:1:6 (a) deviator
stress-strain curve (b) compression curve.
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Figure 8.11: Comparison of drained triaxial behaviour between experimental data
and model predictions for non-pre-yielded specimens with mix ratio 2:1:4 (a) deviator
stress-strain curve (b) compression curve.
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Figure 8.12: Comparison of drained triaxial behaviour between experimental data
and model predictions for non-pre-yielded specimens with mix ratio 2:1:4 (a) deviator
stress-strain curve (b) compression curve.
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Figure 8.13: Comparison of drained triaxial behaviour between experimental data
and model predictions for non-pre-yielded specimens with mix ratio 2:1:3 (a) deviator
stress-strain curve (b) compression curve.
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Figure 8.14: Comparison of drained triaxial behaviour between experimental data
and model predictions for pre-yielded specimens (p′0=1000 kPa) with mix ratio 5:1:6
(a) deviator stress-strain curve (b) compression curve.
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Figure 8.15: Comparison of drained triaxial behaviour between experimental data
and model predictions for pre-yielded specimens (p′0=1500 kPa) with mix ratio 5:1:6
(a) deviator stress-strain curve (b) compression curve.
Chapter 8. Modelling of the Behaviour of Fibre-Reinforced
Cement-Admixed Clay 357
Figure 8.16: Comparison of drained triaxial behaviour between experimental data
and model predictions for pre-yielded specimens (p′0=2000 kPa) with mix ratio 5:1:6
(a) deviator stress-strain curve (b) compression curve.
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Figure 8.17: Comparison of drained triaxial behaviour between experimental data
and model predictions for pre-yielded specimens (p′0=1000 kPa) with mix ratio 2:1:4
(a) deviator stress-strain curve (b) compression curve.
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Figure 8.18: Comparison of drained triaxial behaviour between experimental data
and model predictions for pre-yielded specimens (p′0=1500 kPa) with mix ratio 2:1:4
(a) deviator stress-strain curve (b) compression curve.
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Figure 8.19: Comparison of drained triaxial behaviour between experimental data
and model predictions for pre-yielded specimens (p′0=2000 kPa) with mix ratio 2:1:4
(a) deviator stress-strain curve (b) compression curve.
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Figure 8.20: Comparison of drained triaxial behaviour between experimental data
and model predictions for pre-yielded specimens (p′0=1500 kPa) with mix ratio 2:1:3
(a) deviator stress-strain curve (b) compression curve.
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Figure 8.21: Comparison of drained triaxial behaviour between experimental data
and model predictions for pre-yielded specimens (p′0=1500 kPa) with mix ratio 2:1:3
(a) deviator stress-strain curve (b) compression curve.
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Figure 8.22: Comparison of drained triaxial behaviour between experimental data
and model predictions for pre-yielded specimens (p′0=2000 kPa) with mix ratio 2:1:3
(a) deviator stress-strain curve (b) compression curve.
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Figure 8.23: Comparison of drained triaxial behaviour between experimental data
and model predictions for pre-yielded specimens (p′0=2500 kPa) with mix ratio 2:1:3
(a) deviator stress-strain curve (b) compression curve.
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8.4 Sensitivity of Results to Model Parameters
This section examines the effects of some of the parameters on the model results.
These parameters include the coefficient of friction M , structural degradation param-
eters α, β, ξ as well as index n. Comparison is made with the data from test CID
1500-1000 with a mix ratio of 5:1:6 since good agreement was obtained using the
reference set of values above.
8.4.1 Coefficient of friction M
This parameter directly controls the shape of the yield locus, more specifically
influencing the vertical aspect ratio of the yield locus. As Figures 8.24 (a) and (b)
show, the friction coefficient has a significant effect on both the stress-strain and
compression curves. Increasing the value of M raises the stress-strain curve and moves
the compression curve slightly rightwards. This is readily explained by the fact that
increasing the value of M increases the height of the yield locus and mitigates the
softening effect. Furthermore, since the frictional component of strength is increased,
the material is stronger against destructuration so that it experiences a smaller loss of
structure at a given stress level. This is manifested in the right-shift of the compression
curve. Conversely, a reduction in M will have the opposite effect.
8.4.2 Degradation parameter α
This positive-valued parameter characterises the rate of destructuration of fibre-
reinforced cement-treated clay with respect to its intrinsic state under isotropic
compression, in other words destructuration due to mean effective stresses only. In
a drained test, a relatively higher value of parameter α implies a higher rate of loss
of structure for a given amount of plastic work done, and vice versa. As Figure 8.25
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shows, the effect of α on the compression curve is significant; this is because parameter
α directly affects the compression curve.
Figure 8.24: Influence of varying the critical state coefficient of friction M on the
drained behaviour of fibre-reinforced cement-treated clay (a) deviator stress-strain
curve (b) compression curve.
Figure 8.25: Influence of varying the degradation parameter α on the drained
behaviour of fibre-reinforced cement-treated clay (a) deviator stress-strain curve (b)
compression curve.
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8.4.3 Degradation parameter β
This parameter controls the rate of cohesion degradation with respect to the change
in stress sensitivity. A greater value of β signifies that the cohesion C decreases more
rapidly with shear strains, Figure 8.26 (c), thus affecting the post-yield behaviour of
the material. In a way, the effect of β is similar in trend to α. This is to be expected
since they both influence the destructuration rate. However, from Figure 8.26 (a) and
8.26 (b), it seems that β has a less significant impact on the stress-strain curve than α
.
8.4.4 Index n
The index n influences the abruptness of the yielding process, in terms of the
difference between the first and final yield points. As Figure 8.27 demonstrates, a
low value of n close to zero would result in a more abrupt yielding process, with the
stress-strain curve exhibiting a sharp kink at its first yield. This kink becomes rounder
as the value of n increases, so that the yielding process is more gradual. Examination
of the bounding surface relationship Equation 8.24 also shows that, if n approaches
∞, abrupt yielding shifts towards the final yield point.
8.4.5 Degradation index ξ
The degradation index ξ controls the amount of plastic work done by the deviator
stress component which is carried by the fibres and the cementation bonds. Figure 8.28
shows that as the value of ξ increases towards 1, the rate of strain-hardening decreases
while the post-yield segment of the compression curve become steeper, indicating
greater plastic volumetric change and greater rate of structural loss. This can be
readily explained in terms of Equation 8.2. If ξ is equal to zero, only the plastic work
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done by the mean effective stress is effective in causing loss of structure. If ξ is equal
to 1, the plastic work done by the mean effective and deviator stress contribute equally
to the loss of structure.
Figure 8.26: Influence of varying the degradation parameter β on the drained
behaviour of fibre-reinforced cement-treated clay (a) deviator stress-strain curve (b)
compression curve (c) cohesion degradation with stress sensitivity.
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Figure 8.27: Influence of varying the index n on the drained behaviour of fibre-
reinforced cement-treated clay (a) deviator stress-strain curve (b) compression curve
(c) rate of mobilisation of ω.
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Figure 8.28: Influence of varying the index ξ on the drained behaviour of fibre-
reinforced cement-treated clay (a) deviator stress-strain curve (b) compression curve.
8.5 Summary of Findings
This chapter has proposed a constitutive model for the monotonic loading of fibre-
reinforced cement-treated clay subjected to a triaxial stress condition. The proposed
model is based on Xiao et al. (2016)’s framework for unreinforced cement treated clay
and integrates the experimental findings about fibre reinforcement from the previous
chapters. These include the yielding behaviour, destructuration characteristics and
ultimate state of the material. The model requires 13 input parameters, which can
be estimated from isotropic compression tests and drained triaxial tests. The model
validation was carried out for three different mix ratios (with a cement content of
up to 50%) against isotropic compression tests and drained triaxial tests. The main
findings are as follows:
(a) Regarding the simulation of the isotropic compression tests, the general features
exhibited by the experimental data such as the unloading-reloading line, gradual
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yielding process and the normal compression line, are replicated with good accuracy
by the proposed framework for all the three mix ratios. However, the specific
volume is slightly under-predicted along the normal compression line.
(b) For the drained triaxial test simulations, the volumetric compression curves are
better modelled as compared to the deviator stress-strain behaviour. The model
tends to over-predict the deviator stress, particularly for some specimens sheared at
high confining pressures. This is probably because the model does not directly take
into account the reduced effectiveness of fibre reinforcement at higher confining
pressures.
(c) For the drained tests conducted at low confining pressures, or more specifically at
high bond yield ratio or high isotropic overconsolidation ratio, the model is able
to reasonably predict the drained behaviour of fibre-reinforced cement-treated
clay up to the peak strength. The volumetric compression curves are also well
modelled up to the onset of dilation. Since shear bands were formed near the peak
strength of those test specimens, the post-peak strain-softening experimental data
may not represent the true material behaviour.
The proposed framework has shown good potential in predicting the stress-strain
behaviour of fibre-reinforced cement-treated clay. One of the strength of this model lies
in its energy-based approach in terms of plastic work done. Although the interaction
between fibres and cementitious particles is complex at the microscopic level, the
proposed model has demonstrated that it could replicate the behavioural features of
the fibre-reinforced cement-treated clay by making some reasonable idealisations and
assumptions. The latter are re-visited below, together with their limitations.
(a) An empirical function was proposed to model the mobilisation of the friction
coefficient of fibre-reinforced cement-treated clay with plastic shear strain. The
full mobilisation of the friction coefficient occurred shortly after the first yield
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point and remained constant thereafter. Practically speaking, this value could
decrease if fibre pull-out occurs during shearing due to the reduced contribution
of the fibre frictional forces.
(b) A parameter ξ was introduced in the plastic work done equation to moderate the
contribution of the deviator stresses towards destructuration. For a given stress
state, that is pre-yielded or non-pre-yielded, this value is constant in the proposed
model. However, the reduced effectiveness of fibre reinforcement with increasing




9.1 Objectives of the Research
Research on fibre-reinforced cement-treated soils has gained an increasing popularity
over the years due to its attractive mechanical properties. It is well understood that
while the cementitious bonds provide the core strength to the composite material, the
role of the fibre reinforcement is to provide ductility by interlocking and crack bridging
mechanism. From past research works, it was noted that laboratory investigations on
cement-treated soils reinforced with fibres have been generally limited to unconfined
compression tests, direct shear tests and tensile split tests, with only few studies
conducting triaxial tests, which are more representative of stress conditions in the
field.
The main objective of the current study was to explore the constitutive behaviour of
cement-treated Singapore marine clay reinforced with short polypropylene fibres under
different loading stress paths. Several aspects of the material - namely the possible size
effect due to fibre inclusion, behaviour in unconfined compression, yielding and post-
yield behaviour, destructuration characteristics and ultimate state - were examined
and then compared against experimental data for unreinforced cement-treated clay
which was mostly obtained from studies by Xiao et al. (2014), Xiao & Lee (2014)
and Xiao et al. (2016). Based on the experimental findings in the current study, an
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existing constitutive model for unreinforced cement-treated clay (Xiao et al., 2016)
was modified to incorporate the effects of fibres on the behaviour of the cement-treated
clay matrix. The proposed model was validated against experimental data. The main
findings from the research are summarised below.
9.2 Summary of the Findings
9.2.1 Laboratory test investigations
The experimental portion of this research was mainly conducted by using con-
ventional triaxial test equipment. A virtual infinite stiffness triaxial test equipment
was also used to test specimens with a diameter of 100 mm and above. While the
axial defomation of the test specimen was measured by a linear variable differential
transformer (LVDT) which was mounted externally on the triaxial cell, the axial load
was recorded by a submersible load cell inside the triaxial cell. It must be highlighted
that small strain (smaller than 10-3 % strain) and local strain measurements were not
carried out in the current study. Rather, the focus was on the global stress-strain
behaviour.
Size effect study
The experimental results from unconfined compression tests, consolidated undrained
and drained triaxial tests have indicated that the peak strength and the yield stress of
the specimen were less sensitive to fibre size effect, as compared to the strain-to-peak-
strength and the ductility index. The peak strength appeared to be higher for the 100
mm-diameter specimens than the other sizes of specimens. However, the observed
range of the variation was about 10%, which is similar to that of specimen-to-specimen
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variation for the same specimen size. In terms of geotechnical testing, this magnitude
of variation is not considered to be significant so that a specimen size of 50 mm × 100
mm was deemed sufficient for determining the peak strength. The larger specimens
appeared to have a higher strain-to-peak-strength value and also a lower ductility
index as compared to the 50 mm-diameter specimens, these being more significant in
unconfined compression. The use of 100 mm × 200 mm specimens conferred a better
control of size effect in terms of strain-to-peak-stress, even though a maximum error of
about 10% might still be present when compared to the 150 mm × 300 mm specimens.
It was also observed that the presence of confining pressure during shearing reduced
the sensitivity of the ductility index to fibre size effect. Regarding the influence of
size effect on the yield stress, the experimental results showed that the use of smaller
specimens was sufficient to map the yield locus of fibre-reinforced cement-treated clay.
This was attributed to the small deformation of the specimen along the yield locus so
that the strains in the fibres were not fully mobilised.
Prediction of basic properties
The post-curing porosity and bulk unit weight of fibre-reinforced cement-treated
clay could be reasonably predicted for a range of mix ratios by modifying Chin (2006)’s
volume-mass model which was developed for unreinforced cement-treated clay. The
model only considered the hydration reaction, and not the pozzolanic reaction. Firstly,
it was observed that the densification of the cementitious matrix with increase in
cement content and decrease in water-to-cement ratio, was well captured by the
proposed volume-mass model and this translated to an increase in the predicted bulk
density. Furthermore, the reduction in void ratio of the test specimens due to the
presence of fibres was well modelled, with the better predictions being obtained for
mix ratios with higher cement contents.
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Unconfined compression behaviour
A study on the influence of short polypropylene fibres on the mechanical prop-
erties of cement-admixed clay in unconfined compression was conducted. It was
observed that the inclusion of fibres in the cement-clay matrix initially increased the
unconfined compressive strength of the mix but further increase in fibre content did
not affect the peak strength. The ductility, on the other hand, generally increased
with the fibre content. Test specimens with a higher cement content and a longer
curing time returned a higher peak strength, this being related to the densification
of the matrix. An increase in the water content reduced the peak strength of the
specimens due to an increase in the porosity of the material. For specimens cured
for 7 days, the unconfined compressive strength was correlated to the water-cement
ratio and soil-cement ratio by using an empirical relation proposed by Lee et al., (2005).
Yielding and post-yield behaviour
A three-yield-point framework was adopted to describe the yielding behaviour of
fibre-reinforced cement-treated clay. They are the ‘first yield’, ‘mid-yield’ and ‘final
yield’. The ‘first yield’ point marks the end of initial linear elastic segment of the
compression curve and corresponds to the onset of bond degradation. The ‘mid-yield’
point is based on the intersection method and is more convenient for constitutive
modelling purposes because it models the normal compression line and the unloading-
reloading line as two linear portions with a very well-defined yield point. The ‘final
yield’ point corresponds to the full development of the plastic regime and the end of
the elasto-plastic transition zone. All the three yield points could be linearly correlated
to the unconfined compressive strength for a range of mix ratios.
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For each mix ratio, a set of yield points was obtained by conducting drained triaxial
tests, isotropic compression tests and constant stress ratio tests on non-pre-yielded
and pre-yielded specimens. The experimental data showed that a unique yield locus
could be mapped through the data points for a given bond yield stress (for non-pre-
yielded specimens) and pre-compression pressure (for pre-yielded specimens). Yield
points which were obtained from test specimens with high BYR and IOCR were
omitted since such specimens exhibited signs of cracking and fissuring which might
have led to strain non-uniformity. For pre-yielded specimens, it was further noted
that fibre-reinforced cement-treated clay specimens shared the same first yield locus
as unreinforced cement-treated clay specimens for the same pre-compression pressure.
This was attributed to the fact that cementation bonds play a dominant role within the
first yield region of the pre-yielded material, i.e. at small strains. As the shear strain
increased, the reinforcing effect of the fibres became increasingly manifested so that
the mid-yield locus of fibre-reinforced cement-treated clay is significantly larger than
that of unreinforced cement-treated clay for a given amount of shear strain. Finally,
the size and shape evolution of the yield locus of fibre-reinforced cement-treated clay
was found to be dependent on the pre-compression pressure, the degradation of the
cementation bonds and the mobilisation of friction in the fibres.
Ultimate state
Various methods of obtaining the critical state coefficient of friction for fibre-
reinforced cement-treated clay were proposed. These included performing triaxial tests
on intact specimens and remoulded specimens. The effect of specimen slenderness was
also investigated by using a slenderness ratio (specimen height/specimen diameter)
of unity and 2. Intact short fibre-reinforced cement-treated clay specimens which
were tested in drained conditions strain-hardened up to an axial strain of 50% so that
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an ultimate state could not be determined in this case. This was attributed to the
continuous reduction in void ratio of the specimen which enhanced the interlocking
mechanism of the fibres. For undrained triaxial tests, the friction coefficients obtained
from short intact specimens were much higher than those obtained from the remoulded
specimens. SEM analysis revealed that the degree of destructuration within the re-
moulded specimens was more uniform, which could explain the lower friction coefficient
values. The latter were also in agreement with past research works on fibre-reinforced
soils and fibre-reinforced cement-treated soils.
Destructuration behaviour
The destructuration behaviour of fibre-reinforced cement-treated clay under the
action of isotropic compressive stresses and deviator stresses in a triaxial test condition
was investigated. For the former case, Xiao & Lee (2014)’s energy framework for
unreinforced cement-treated clay was adopted. A parameter α was introduced to char-
acterise the rate of destructuration of fibre-reinforced cement-treated clay in relation
to its intrinsic state. It was observed that the α-parameter slowly increased towards a
maximum steady-state value as the material is isotropically compressed. Furthermore
for a given fibre content, the choice of an intrinsic remoulded state with or without
fibre reinforcement for fibre-reinforced cement-treated clay did not influence the final
α value. For triaxial conditions, the cohesion C was correlated to the stress sensitivity
S by adopting a power law proposed by Xiao et al. (2016). The rate of degradation of
the cohesion term with decreasing sensitivity was governed by a parameter β.
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9.2.2 Theoretical modelling
Theoretical yield locus
A theoretical yield function which was proposed by Xiao et al. (2016) for un-
reinforced cement-treated clay was adopted to approximate the yield locus of fibre-
reinforced cement-treated clay based on the experimental yield points. By using appro-
priate values of critical state friction coefficient M , cohesion C and pre-compression
pressure p′0, a reasonably good fit could be obtained for the initial and post-yield loci.
For a particular fitted yield locus, the cohesion value was adjusted by fixing the values
of M and p′0. The value of M was also increased as the material was sheared from the
first yield locus to the mid-yield locus so as to model the frictional force contribution
from the polypropylene fibres.
Modelling of behaviour of fibre-reinforced cement-treated clay
Xiao et al. (2016)’s constitutive model for unreinforced cement-treated clay was
modified and adapted to include the effect of fibres. An additional degradation index,
ξ, was added to the plastic work equation so as to moderate the effect of the deviatoric
stresses on the loss of structure. This was based on the experimental findings that
fibre-reinforcement is more effective in resisting distortional rather than volumetric
changes. The work done by the deviator stress was thus made less effective in causing
structural damage than the mean effective stress. Furthermore, the friction coefficient
at critical state was not assumed to be constant, like in Xiao et al. (2016)’s model. An
empirical function was proposed to describe the mobilisation of the friction coefficient
M with increasing plastic shear strain. A new ‘bounding surface’ formulation was also
proposed to describe the gradual yielding of the material.
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The proposed constitutive model consists of 13 parameters which had to be obtained
from the intact (structured) material as well as its remoulded (intrinsic) counterpart.
The model validation was carried out for three mix ratios with a cement content of up
to 50% against isotropic compression tests and drained triaxial tests. For isotropic
compression tests, it was observed that the general features exhibited by the experi-
mental data, such as the unloading-reloading line, yielding process and the normal
compression line, could be well modelled by the proposed framework for all the three
mix ratios. However, the specific volume was slightly under-predicted along the normal
compression line. For drained triaxial test simulations, the volumetric compression
curves were better modelled than the deviator stress-strain behaviour. The model
over-predicted the deviator stress, particularly for some specimens sheared at high
confining pressures. This was probably because the model did not directly consider
the reduced effectiveness of fibre reinforcement at higher confining pressures. For
drained tests wherein shear bands were observed, the model reasonably predicted
the stress-strain behaviour up to the peak strength. On the overall, the proposed
model showed good potential in predicting the global stress-strain behaviour of fibre-
reinforced cement-treated clay.
9.3 Suggestions for Future Research
In the author’s opinion, there are a few aspects of the current study that deserve
further consideration. They are listed below:
1. Firstly, the laboratory tests which were conducted in the current study were based
on the measurement of large strain deformation. In real-life geotechnical problems,
especially in highly urbanised areas, the permissible level of deformation is of
the small strain order. Consequently, further experimental studies could be
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conducted on fibre-reinforced cement-treated clay to investigate the small strain
behaviour of this material. This would involve fitting the existing conventional
triaxial equipment with local strain transducers.
2. The validation of the proposed constitutive model was limited to three mix
ratios (up to maximum of 50% cement content) which were cured for 7 days
and tested in isotropic compression and drained triaxial tests. Richer cement
mix ratios and different curing periods could be explored so as to provide
more experimental data for the model validation. This would be aligned with
the eventual future application of cement stabilisation in deep and large-scale
underground construction. The model should also be validated against undrained
triaxial test data.
3. The proposed constitutive model was developed mainly for a triaxial compression
stress state condition. For implementation into a finite element program, a more
generalised stress boundary condition should be explored. For instance, the
current study did not consider the yield locus of the material in the ‘tension’
space. More experimental works should be carried out to investigate how fibre-
reinforcement affects the tensile behaviour of cement-treated clay so that the
proposed model can be extended. Furthermore, the effect of reduced fibre
contribution with increasing confining stress should be further examined and
implemented into the model. This might help to resolve the over-prediction of
the deviator stress for test specimens sheared at high confining stresses.
4. Finally, the current study assumed that the polypropylene fibres are uniformly
distributed throughout the test specimens. Although this assumption is reason-
able in a laboratory scale whereby the test specimens are prepared in a controlled
manner, mixing fibres with cement slurry on site might pose a great challenge in
terms of the uniformity of the mix. This would directly influence the strength of
the resulting mixture. Hence, the anisotropy associated with fibre distribution
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and its implications on the constitutive behaviour of the material have to be
studied.
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Deduction of theoretical yield locus of unreinforced cement-treated clay
(Xiao, 2009)
The energy equation as proposed by Xiao (2009) for the constitutive modelling of





(C +Mp′)2dp2s + p′2dp2v (A.1)
Equation A.1 can be re-written as
q2dp2s = (C +Mp





= (C +Mp′)2 (A.3)








Substituting Equation A.4 in Equation A.3,
q2 − 2p′q dq
dp′
= (C +Mp′)2 (A.5)


























It is noted that Equation A.8 has the form of a Bernouilli Equation given by
dη
dp′




and h(p′) = −(C +Mp
′)2
2p′3
The general form of a Bernouilli Equation is
dy
dx
+ g(x)y = h(x)yn (A.10)
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where g(x) and h(x) are functions of x, and n 6= 0 or 1.

























This is a first-order linear differential equation.
A first-order linear differential equation has the form
dy
dx
+ f(x)y = m(x) (A.13)
where f(x) and m(x) are functions of x. The solution of this first-order differential




















dp′ = ln p′, so that
e
∫














In view of Equation A.14 to Equation A.17, the solution of Equation A.12 was given
by


































To evaluate the integration constants c0, set p′ = p′0 and η = 0, which resulted in
c0 = M































(p′0 − p′) (A.22)
which is the plastic potential, as well as the yield function since associated flow was
assumed.
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Figure A.1: Undrained triaxial test (effective confining pressure of 110 kPa) results
for the 2:1:3 mix ratio cured under atmospheric pressure for 7 days (a) Stress path (b)
deviator stress vs. deviator strain (c) excess pore pressure vs. deviator strain.
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Figure A.2: Drained triaxial test (effective confining pressure of 110 kPa) results for
the 2:1:3 mix ratio cured under atmospheric pressure for 7 days (a) deviator stress vs.
deviator strain (b)specific volume vs. mean effective stress.
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Figure A.3: Unconfined compressive test results for specimens with 7 days curing
under atmospheric pressure: (a) 2:1:4 mix (b) 5:1:6 mix (c) 2:1:3 mix (d) 4:3:7 mix
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Figure A.4: Unconfined compressive test results for specimens with 7 days curing
under atmospheric pressure: (e) 1:1:2 mix (f) 1:1:2.5 mix (g) 1:1:3 mix
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Figure A.5: Isotropic compression curves for fibre-reinforced cement-treated clay
specimens - intact and remoulded, with mix proportion 2:1:4, cured for 7 days under
atmospheric pressure (f = 0.76%, 2.30%)
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Figure A.6: Isotropic compression curves for fibre-reinforced cement-treated clay
specimens cured for 7 days under atmospheric pressure (f = 1.85%)

